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ABSTRACT
Hampel, Justyna J. Ph.D., Environmental Sciences Ph.D. Program, Wright State
University, 2019. Ammonium cycling and nitrifier community composition in eutrophic
waters affected by cyanobacterial harmful algal blooms.

Non-point source nitrogen (N) from agriculture is a main driver of eutrophication
in aquatic systems, which often manifests as toxin producing cyanobacterial harmful
algal blooms (cyanoHABs). Non-N2 fixing cyanobacteria, such as Microcystis, thrive on
chemically reduced N forms (e.g., ammonium (NH4+) and urea) used as the main N form
in fertilizer. NH4+ turnover rates are important components of the aquatic N cycle in
eutrophic lakes affected by cyanoHABs. Regeneration of NH4+ can contribute to the
internal cycling of NH4+, which can sustain cyanoHABs when external loads are low.
Additionally, NH4+ uptake by cyanobacteria competes directly with nitrification, another
important pathway in the N cycle. This dissertation research focuses on NH4+ dynamics
(uptake, regeneration, and nitrification) in hypereutrophic Lake Taihu (China), Lake
Okeechobee (LO) and St. Lucie Estuary (SLE; Florida), and Sandusky Bay (Lake Erie)
via a combination of geochemical rate measurements and molecular biology techniques.
Additionally, the study in LO and SLE also focuses on the effects of Hurricane Irma on N
cycling and cyanoHABs.
In Taihu, nitrification rates varied seasonally, corresponding with cyanobacterial
bloom progression, suggesting that nitrifiers were poor competitors for NH4+ during the
bloom. Ammonia oxidizing archaea (AOA) amoA gene copies were more abundant than
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ammonia oxidizing bacteria (AOB) gene copies at all times; however, only abundance of
AOB amoA was correlated with nitrification rates for all stations and all seasons (p <
0.005). Regeneration results suggested that cyanobacteria relied extensively on
regenerated NH4+ to sustain the bloom. Internal NH4+ regeneration exceeded external N
loading to the lake by a factor of 2 but was ultimately fueled by external N loads. Our
results thus support the growing literature calling for watershed N loading reductions in
concert with existing management of P loads.
In Sandusky Bay, during the summer Planktothrix bloom in 2017, potential NH4+
uptake (light and dark) and regeneration rates increased from June to August at all
stations. NH4+ uptake kinetics during a Planktothrix-dominated bloom in Sandusky Bay
and a Microcystis-dominated bloom in Maumee Bay were also compared. The highest
half saturation constant (Km) in Sandusky Bay was measured in June and decreased
throughout the season. In contrast, Km values in Maumee Bay were lowest at the
beginning of summer and increased in October. Similar to Taihu, during late summer in
Sandusky Bay (when ambient N concentrations were low) cyanoHABs relied mostly on
regenerated NH4+ to support growth and toxin production.
LO and SLE were sampled during a massive Microcystis bloom in July 2016, a
smaller bloom in August 2017 (two weeks before Hurricane Irma), and 10 days after
Hurricane Irma landfall. Hurricane Irma traversed the Florida peninsula on Sept 10, 2017,
with sustained winds exceeding 160 km h-1 and generating torrential rains over LO and
SLE. Extreme natural events, such as hurricanes, can dramatically alter N cycling and
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amplify preexisting eutrophication and cyanoHABs, which are prevalent in LO and SLE.
We show that NH4+ regeneration and potential uptake rates and Microcystis abundance
decreased significantly after the hurricane in both LO and SLE. Although regeneration
decreased post-hurricane, measured rates exceeded external loading by a factor of 15,
suggesting that, even after major disturbances, phytoplankton rely heavily on internal N.
In contrast, nitrification rates in LO and SLE were orders of magnitude greater after the
hurricane. AOA exceeded AOB at all times in LO and SLE. After Irma, the abundance of
AOA increased in both LO and SLE, while AOB remained similar in LO and increased in
SLE. These data show that storm events can shift major processes in the N cycle and alter
microbial community structure.
These results highlight the importance of internal regeneration of chemically
reduced forms of N in cyanoHAB-impaired systems and can also lead to improvements
in nutrient management practices that are necessary for cyanoHABs mitigation. These
studies support the recent calls for dual nutrient (N + P) management strategies and
highlight the importance of N removal through nitrification and denitrification,
specifically in HAB-impaired systems.
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CHAPTER 1: INTRODUCTION

1.1. Nitrogen biogeochemistry in aquatic systems
Nitrogen (N) is a building block for proteins, nucleic acids, and key cellular
structures that are essential to all living organisms. The largest, freely accessible N
reservoir is the atmosphere (79%); however, dinitrogen gas (N2) can only be assimilated
by a small group of microbes called diazotrophs via a process called N fixation – the first
step of the N cycle (Fowler et al., 2013; Galloway et al., 2004). N exists in oxidation
states ranging from -3 to +5, and the redox transformations between these states drive the
aquatic N cycle (Fig. 1.1). Processes in the N cycle are microbially mediated in most
cases, and each reaction is catalyzed by a specific enzyme, which is coded for by specific
functional genes. These characteristics make the N cycle dynamic, which brings
uncertainty to global fluxes and inventories.
N fixation converts biologically unavailable N from the atmosphere into the most
chemically reduced form of N, ammonium (NH4+). Microorganisms that carry out N
fixation require the nitrogenase metalloenzyme (iron-iron, vanadium-iron, or
molybdenum-iron nitrogenase), which is coded for by functional genes, including the
nifH gene marker for N fixation, in aquatic environments (Kuypers et al., 2018).
Microbes with nitrogenase can have a competitive advantage in N depleted environments.
However, breaking the triple bond in N2 is energetically expensive, and N fixation
consumes 16 molecules of ATP per one molecule of N2 (Kuypers et al., 2018).
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Nitrogenase is also inhibited by oxygen; thus, microbes often separate N fixation from
photosynthesis both spatially (with specialized thick-walled heterocysts), and temporally,
by performing N fixation at night (Kuypers et al., 2018).
Nitrification is the link between chemically reduced and oxidized forms of N, and
further serves as a pathway between N fixation and the removal of biologically available
N via denitrification (Capone, 2008). Nitrification is usually a two-step process, where
NH4+ is first oxidized to nitrite (NO2-) via NH4+ oxidation, and NO2- is further oxidized to
NO3- via NO2- oxidation. Conversion of NH4+ to an intermediate hydroxylamine is
catalyzed by the ammonia monooxygenase (AMO) enzyme, encoded by the amo
functional gene, followed by hydroxylamine conversion to NO2-. NH4+ oxidation is often
the rate limiting step (Ward et al., 2000), carried out by chemolithoautotrophic ammonia
oxidizing bacteria (AOB) and ammonia oxidizing archaea (AOA; Könneke et al., 2005).
The second step of nitrification, NO2- oxidation, is carried out by NO2- oxidizing bacteria
(NOB). The NH4+ and NO2- oxidation steps are often tightly coupled, where the product
of the first step serves as a substrate for the second step (Ward, 2008). Recently, a species
of NOB was described that is capable of complete nitrification (“comammox”; Daims et
al., 2015; Kits et al., 2017). Comammox bacteria are abundant in soils, freshwater
systems, wastewater treatment plants, and drinking water; but they have yet to be found
in marine systems (Daims et al., 2016; Pjevac et al., 2017).

2

Figure 1.1. Nitrogen cycling in aquatic environments (from Francis et al., 2007).
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Bioavailable N can be removed from an ecosystem primarily via anaerobic
ammonia oxidation (anammox) and/or denitrification. Denitrification is a stepwise
reduction reaction that ultimately results in the production of N2. The substrate for this
reaction, NO3-, serves as a terminal electron acceptor for oxidation of organic matter.
Denitrification can occur in anoxic or suboxic conditions where NO3- is the most
energetically favorable terminal electron acceptor (Zumft, 1997). Nitrate is reduced to
nitrite (NO2-), nitric oxide (NO), nitrous oxide (N2O), and leaves the ecosystem as N2.
This sequential reduction of N-oxides is microbially mediated and catalyzed by four
specific enzymes/functional genes: nitrate reductase (nar), nitrite reductase (nir), nitric
oxide reductase (nor), and nitrous oxide reductase (nos), respectively (Tiedje 1988;
Zumft, 1997). Anammox is an alternative N removal pathway where NH4+ and NO2- are
coupled to produce N2 gas, and NO2- serves as the terminal electron acceptor (Jetten et
al., 2001). In contrast to denitrification, anammox is an autotrophic process that fixes
CO2, and N2 is the only gas product. Furthermore, the contribution of each N removal
pathway could have different environmental implications. Nitrous oxide is one of the
major greenhouse gases in the atmosphere, with a warming potential 300 times greater
than that of CO2 (Erisman et al., 2015). Currently, the ocean is a net source of N2O to the
atmosphere, released through denitrification and nitrification, whereas anammox does not
release N2O as a byproduct and can act as a CO2 sink. Therefore, it is crucial to better
understand N loss processes and factors controlling them.
In anaerobic environments, N can be internally recycled via dissimilatory nitrate
reduction to ammonium (DNRA), where NO3- is reduced to NH4+ by various
microorganisms. This process is not considered as a N loss pathway, since it returns
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bioavailable N to the environment (An and Gardner, 2002). DNRA can be a dominant N
cycling pathway in sulfidic sediments, where denitrification and nitrification are
inhibited, and is considered less important in freshwater system (Joye and Hollibaugh
1995).
N2 gas in the atmosphere accounts for 3.9 x 109 Tg N, which greatly exceeds the
reservoirs of fixed N species represented by organic N and NO3- (second and third most
abundant species, respectively; Gruber, 2008; Canfield et al., 2005). One of the most
substantial N fluxes is linked to assimilation of NH4+ into organic matter (Duce et al.,
2008; Kuypers et al., 2018). In the ocean, it is estimated that NH4+ assimilation and
mineralization are an order of magnitude greater (8,800 Tg N yr-1; Duce et al., 2008) than
fixation and N loss combined (~400 Tg N yr-1; Canfield et al., 2010). Biological N
fixation (300 Tg N yr-1) and industrial N fixation (125 Tg N yr-1) exceed the removal of
fixed N via denitrification and anammox (350 Tg N yr-1; Großkopf et al., 2012; Gruber,
2008), while NH4+ conversion to NO3- via nitrification transforms 2,000 Tg N yr-1 and
could explain marine AOA being among the most abundant microorganisms in the ocean
despite low ambient NH4+ (Kuypers et al., 2018). Quantifying the global N budget is
difficult due to the complexity and spatio-temporal variability in the N cycle; considering
the projections for future climate change and increasing anthropogenic alterations, it is
crucial to understand the factors controlling N transformations in the aquatic systems.
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1.2. Anthropogenic impact on N cycle
Anthropogenic activities have major effects on global climate and cycling of
nutrients. Human pressure on the Earth has reached a point where the global
environmental change is irreversible, and many planetary boundaries have been breached
due to human activity. Planetary boundaries depict the Earth’s vulnerability to human
activities (Rockstörm et al., 2009; Steffen et al., 2015; Fig. 1.2). Planetary boundaries
represent restrictions to monitor human production and consumption. These boundaries
include biological diversity, ocean acidification, climate change, land use, stratospheric
ozone, freshwater use, N and phosphorus inputs to the biosphere and oceans. Thus far,
genetic diversity and N boundaries have been breached due to anthropogenic activities
(Fig. 1.2). The N boundary in this model is defined as the reactive N removed from the
atmosphere for human consumption and use (Rockstörm et al., 2009; Steffen et al.,
2015).
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Figure 1.2. Control variables for seven planetary boundaries (from Steffen et al., 2015).
The green zone is the safe operating space, the yellow represents the zone of uncertainty
(increasing risk), and the red is a high-risk zone.
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Towards the end of 19th century, natural N fixation was not sufficient to sustain
the food needs of a rapidly growing human population (Erisman et al., 2015; Galloway et
al., 2008; Vitousek et al., 2013). Synthetic fertilizer production (the Haber-Bosch
process) has dramatically changed N cycling and the global N budget over the last
century (Fig. 1.3; Erisman et al., 2008). In this process, bioavailable ammonia (NH3) is
formed from N2 and hydrogen (H2), subsequently changing the amount of reactive N on
Earth and in the atmosphere (Galloway et al., 2004). Flux of industrially fixed N into the
biosphere can be attributed to inefficient practices in synthetic fertilizer use in agriculture
(Erisman et al., 2015). By the end of 20th century, human N-fixation far exceeded natural
N fixation rates (Galloway et al., 2004). The exponential rise in the human population
(currently 7.7 billion) and subsequent increase in fertilizer production has led to nearly
quadrupling the amount of total reactive N globally since the 1960s (Fig 1.3; Erisman et
al., 2015). Annual anthropogenic N fixation is now more than triple pre-industrial
biological N fixation rates in terrestrial ecosystems (Galloway et al., 2004; Vitousek et
al., 2013; Fig. 1.3). However, these alterations to the N cycle pose a myriad of
consequences on natural ecosystems. Negative impacts of the rise in reactive N are
manifested as eutrophication, hypoxia, harmful algal blooms, climate change, loss of
biodiversity, acid rain, groundwater NO3-, atmospheric ozone depletion, reduced
ecosystem resilience, and other detrimental effects (Erisman et al., 2015).
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Figure 1.3. Global trends in human population and anthropogenic reactive N production
in the 20th century (from Erisman et al., 2015)
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1.3. Eutrophication and cyanobacterial blooms
N and phosphorus (P) are important nutrients in aquatic ecosystems, often colimiting primary production (Elser et al., 2007). Excess anthropogenic reactive N enters
aquatic systems by numerous pathways, including fertilizer runoff from agricultural
fields (Glibert, 2016). Non-point source N loads from agriculture are a main driver of
eutrophication in aquatic systems, which is often manifested as cyanobacterial harmful
algal blooms (cyanoHABs; (Paerl et al., 2016a; Paerl and Paul, 2012). CyanoHABs are
particularly problematic because they often produce toxins, compete for nutrients with
other microbes and primary producers, and are indicators of unhealthy aquatic systems.
CyanoHABs are a global problem and have been found in lakes on every continent but
Antarctica (Paerl et al., 2016). Locations where CyanoHABS are an ongoing concern
include important freshwater sources, such as Lake Victoria (Africa), Lakes Erie and
Okeechobee (USA), Lake Taihu (China), and Lake Rotorua (New Zealand; Chaffin et al.,
2018; Gardner et al., 2017; James et al., 2009; Paerl et al., 2016b).
Cyanobacterial blooms can be divided into two groups: N2-fixers and non-N2fixers. In many eutrophic lakes we have observed a community shift from N2 fixing
blooms to non-N2-fixing blooms. For example, the western basin of the Lake Erie is
particularly susceptible to eutrophication and cyanoHABs, which have increased since
the mid-1990s, threatening its ability to provide ecosystem services and causing
ecosystem impairment (Watson et al., 2016). In the 1960s and 1970s, cyanoHABs in the
western basin of Lake Erie consisted mostly of N fixing species (Anabaena and
Aphanizomenon). As a response to increasing eutrophication issues, the governments of
the USA and Canada signed an agreement in 1972 to reduce P loading into the lake,
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arguing that N can be controlled via N fixation (Davis et al., 2015). However, following
the 40% reductions in P, Lake Erie experienced re-eutrophication in the 1990s, with a
shift in cyanobacterial community structure to favor non-N2-fixing species (e.g.,
Microcystis; Watson et al., 2016). Such shifts from N2-fixers to non-N2-fixers have also
been observed in Lakes Taihu (Qin et al., 2007) and Okeechobee (Havens et al., 2003),
suggesting that sole reductions of P implemented in the 1960s and 1970s (Schindler et al.,
2008) are not sufficient to control cyanoHABs (Scott and McCarthy, 2010; Paerl et al.,
2011; Wilhelm et al., 2011).
Corresponding to the increase in extent and frequency of cyanoHABs is the
globally increased application of NH4+ and urea fertilizers (Glibert et al., 2014). For
economic and safety reasons, there has been a global shift from using ammonium nitrate
(NH4+-NO3-) fertilizers to urea-based fertilizers over the past 30 years (Glibert et al.,
2006). Urea is easily hydrolyzed in soils or water, producing two molecules of NH4+ and
leading to enrichment of chemically reduced N forms entering watersheds. Recent studies
suggest that, while diatoms are more competitive for oxidized forms of N (e.g., NO3-),
non-N2 fixing cyanobacteria, such as Microcystis, thrive on reduced N forms, such as
NH4+ and urea (Glibert et al., 2016; McCarthy et al., 2009). NH4+ transport across the cell
membrane and assimilation into biomass is less energy intensive than NO3- (Glibert et al.,
2016). In order to be assimilated into amino acids, any other form of N (i.e., urea, N2,
NO3-) must first be reduced to NH4+ within the cell (Fig. 1.4; Flores and Herrero, 2005).
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Figure 1.4. Nitrogen assimilation in cyanobacteria (from Flores and Herrero, 2005)
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In contrast, NH4+ readily passes through the ammonium permease (amt)
transporting protein and is incorporated into amino acids via the glutamine synthetase/
glutamate synthase (GS-GOGAT) pathway (Fig. 1.4; Flores and Herrero, 2005). The
importance of NH4+ is often underestimated, and due to high demand and fast turnover
rates, NH4+ often does not accumulate in the water column, resulting in low in situ
concentrations. In highly eutrophic systems, regeneration of NH4+ plays an important role
in phytoplankton productivity (Gardner et al., 2017).
Nitrification is an alternative and competing pathway to cyanobacterial NH4+
uptake and biomass assimilation (Fig. 1.1). Nitrification can be closely coupled in time
and space to removal of N via denitrification, particularly in shallow systems with tightly
coupled benthic-pelagic interactions (An and Joye, 2001; Jenkins and Kemp, 1984). The
natural removal of excess N in eutrophic systems is crucial to help mitigate high N loads,
and substrate availability for denitrification can depend directly on nitrification.
However, in eutrophic systems impaired by cyanoHABs, ammonia oxidizers must
compete with cyanobacteria for NH4+. Thus, this competition and the efficiency of
nitrification in eutrophic waters could help determine microbial community structure and
cyanoHAB severity. Additionally, water column nitrification and nitrifier community
structure in lakes are understudied compared to marine and benthic studies and pose a
major gap in knowledge in the N cycle literature.
1.4. Specific aims and hypothesis
This study aimed to describe N dynamics in eutrophic waters affected by
cyanobacterial harmful algal blooms and contribute to the development of nutrient
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management strategies in impaired aquatic systems. Measurements of geochemical rates,
functional gene abundance, and environmental parameters were used to answer
overarching questions on NH4+ cycling and microbial communities in: Lake Taihu
(China; Chapter 2), Sandusky Bay (Lake Erie, Ohio; Chapter 3), and Lake
Okeechobee/St. Lucie Estuary (Florida; Chapters 4 and 5).
In Chapter 2, the overarching questions were: (1) How does the competition for
NH4+ between cyanobacteria and ammonia oxidizers affect nitrification rates in Lake
Taihu? (2) How much NH4+ is internally recycled within the lake? (3) What is the
community structure of ammonia oxidizers in the water column in Lake Taihu?
Hypotheses: (1) lower nitrification rates occur during cyanoHABs due to
increased competition for NH4+; (2) rapid NH4+ turnover increases with
phytoplankton biomass; and (3) AOB outnumber AOA due to higher saturation
concentrations.
In chapter 3, the overarching questions were: (1) What are the seasonal dynamics
of NH4+ regeneration and potential uptake in Sandusky Bay during the summer bloom
(June – August)? (2) What are the differences in the kinetics of NH4+ uptake between a
Planktothrix-dominated bloom in Sandusky Bay and a Microcystis-dominated bloom in
Maumee Bay?
Hypotheses: (1) NH4+ regeneration and potential uptake rates would increase
through the summer as in situ DIN is depleted and the Planktothrix bloom
becomes more N stressed; (2) the Planktothrix-dominated bloom in Sandusky Bay
would have higher affinity for NH4+, representing a competitive advantage at low
NH4+ concentrations, than the Microcystis-dominated bloom in Maumee Bay.
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In chapter 4, the overarching questions were: (1) What are the differences in water
column NH4+ dynamics during a severe cyanoHAB in 2016 that affected both Lake
Okeechobee and the St. Lucie Estuary and during the 2017 bloom, when the cyanoHAB
was restricted solely to Lake Okeechobee? (2) How does a major hurricane disturbance
affect cyanobacterial bloom dynamics in both the lake and estuary?
Hypotheses: (1) NH4+ cycling rates in Lake Okeechobee would be higher during
the large bloom in 2016 than in 2017 during the less severe bloom. (2) NH4+
uptake and regeneration rates in the estuary in 2016 would decrease along the
salinity gradient and be higher than in 2017, when the bloom did not reach the
estuary. (3) Hurricane passage would have a major effect on NH4+ cycling and
Microcystis in both systems, and regeneration rates would increase post
disturbance, while uptake rates and abundance of microcystin synthetase genes
would decrease.
In chapter 5, the overarching questions were: (1) How do cyanobacterial blooms
affect nitrification rates in Lake Okeechobee and St. Lucie Estuary? (2) What are the
effects of hurricane disturbance on nitrification, ammonia oxidizer abundance, and
community structure in the lake and estuary?
Hypotheses: (1) The presence of cyanobacteria will reduce nitrification rates in
both the lake and estuary, and nitrification rates will be greater in St. Lucie than
in Lake Okeechobee in 2017. (2) Nitrification rates will increase following the
hurricane due to resuspension of sediment and increased nutrient concentrations.
Ammonia oxidizer abundance will likely increase and the community structure in
the water column will include benthic nitrifiers.
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Chapter 6 is the dissertation summary, synthesizing this research and its
implications, identifying possible solutions to eutrophication and cyanoHABs, and
recognizing gaps in knowledge and future work particularly in nitrification literature.
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Abstract
Taihu Lake is hypereutrophic and experiences seasonal, cyanobacterial harmful algal
blooms. These Microcystis blooms produce microcystin, a potent liver toxin, and are
linked to anthropogenic nitrogen (N) and phosphorus (P) loads to lakes. Microcystis spp.
cannot fix atmospheric N and must compete with ammonia-oxidizers and other
organisms for ammonium (NH4+). We measured NH4+ regeneration and potential uptake
rates and total nitrification using stable-isotope techniques. Nitrification studies included
abundance of the functional gene for NH4+ oxidation, amoA, for ammonia-oxidizing
archaea (AOA) and bacteria (AOB). Potential NH4+ uptake rates ranged from 0.02 to 6.80
μmol L-1 h-1 in the light and from 0.05 to 3.33 μmol L-1 h-1 in the dark, and NH4+
regeneration rates ranged from 0.03 to 2.37 L-1 h-1. Nitrification rates exceeded
previously reported rates in most freshwater systems. Total nitrification often exceeded
200 nmol L-1 d-1 and was > 1000 nmol L-1 d-1 at one station near a river discharge. AOA
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amoA gene copies were more abundant than AOB gene copies (p < 0.005) at all times;
however, only abundance of AOB amoA (not AOA) was correlated with nitrification
rates for all stations and all seasons (p < 0.005). Nitrification rates in Taihu Lake varied
seasonally; at most stations, rates were highest in March, lower in June, and lowest in
July, corresponding with cyanobacterial bloom progression, suggesting that nitrifiers
were poor competitors for NH4+ during the bloom. Regeneration results suggested that
cyanobacteria relied extensively on regenerated NH4+ to sustain the bloom. Internal NH4+
regeneration exceeded external N loading to the lake by a factor of 2 but was ultimately
fueled by external N loads. Our results thus support the growing literature calling for
watershed N loading reductions in concert with existing management of P loads.
2.1. Introduction
Nitrogen (N) and phosphorus (P) are important nutrients in aquatic ecosystems,
often co-limiting primary production (Elser et al., 2007). Biologically unavailable (except
to diazotrophs) atmospheric N can be fixed to readily assimilable ammonium (NH4+) and
biomass via N2 fixation (Vitousek et al., 2013). However, fertilizer production from
anthropogenic N fixation (the Haber–Bosch process) has changed N cycling and the
global N budget over the last century. Non-point source N loads from agriculture are a
main driver of eutrophication in aquatic systems, which is often manifested as hypoxia,
loss of biodiversity, cyanobacterial harmful algal blooms (cyanoHABs; Paerl et al., 2016;
Paerl and Paul, 2012), and other detrimental characteristics. CyanoHABs are particularly
problematic because they often produce toxins, compete for nutrients with other microbes
and primary producers, and indicate unhealthy aquatic systems.
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The increase in extent and frequency of cyanoHABs has correlated with increased
application of NH4+ and urea fertilizers, both globally and in China (Glibert et al., 2014).
Diatoms are competitive for oxidized forms of N (e.g., NO3-), but non-N2-fixing
cyanobacteria, such as Microcystis, thrive on chemically reduced N forms, such as NH4+
and urea (Blomqvist et al., 1994; Glibert et al., 2016; McCarthy et al., 2009). NH4+
transport across the cell membrane and assimilation into biomass are less energy
intensive than for NO3- (Glibert et al., 2016). Due to high biological demand and fast
turnover rates, NH4+ often does not accumulate in the water column, resulting in low in
situ concentrations. Ammonium regeneration is especially important to phytoplankton
productivity in eutrophic systems (Gardner et al., 1998, 2017; McCarthy et al., 2013). For
example, water column regeneration was up to 6 times higher than sediment regeneration
in Taihu Lake, China (McCarthy et al., 2007; Paerl et al., 2011).
Nitrification is the link between chemically reduced and oxidized N forms. Most
nitrification pathways are a two-step process; NH4+ is oxidized to nitrite (NO2-) via
ammonia oxidation, and NO2- is then oxidized to NO3- via NO2- oxidation. Ammonia
oxidation is a rate-limiting step (Ward, 2008) carried out by chemolithoautotrophic
ammonia-oxidizing bacteria (AOB) and ammonia-oxidizing archaea (AOA; Könneke et
al., 2005). NO2- oxidation is carried out by NO2- oxidizing bacteria (NOB). Recently, a
species of NOB was described that is capable of one-step complete nitrification
(“comammox”); however, comammox bacteria have yet to be well documented in the
environment (Daims et al., 2015). The ammonia and NO2- oxidation steps are often
tightly coupled, where the product of the first step serves as a substrate for the second
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step (Ward, 2008). However, some studies in marine environments suggest that the
process can be decoupled, with one step outpacing the other (Füssel et al., 2012; Heiss
and Fulweiler, 2016).
In Taihu Lake, the abundance of ammonia-oxidizing organisms (AOOs) was
investigated in sediments where AOA outnumbered AOB, often by an order of
magnitude (Wu et al., 2010; Zeng et al., 2012; Zhao et al., 2013). Another sediment study
revealed that, while AOOs were present at all sites, the distribution of AOA and AOB
depended on lake trophic status (Hou et al., 2013). Abundance of AOA decreased, while
AOB increased, with increasing trophic status, following the substrate concentration
hypothesis presented in kinetic experiments (Martens-Habbena et al., 2009). A suite of
environmental variables (substrate concentration, oxygen concentration, light intensity,
pH, etc.) influences nitrification rates and AOO community composition, including AOA
and AOB relative abundances (Bristow et al., 2015; Merbt et al., 2012; Ward, 2008)
Nitrification can be closely coupled in time and space to N removal via
denitrification, particularly in shallow systems with tightly coupled benthic–pelagic
interactions (An and Joye, 2001; Jenkins and Kemp, 1984). Microbial removal of excess
N in eutrophic systems is a crucial process to mitigate excessive N loads, and substrate
availability for denitrification can depend on nitrification. However, nitrifiers must
compete with phytoplankton and other primary producers for NH4+. In eutrophic systems,
this competition could help determine microbial community structure and cyanoHAB
severity. Although both AOOs and cyanobacteria, such as Microcystis, have a strong
affinity for NH4+ (Martens-Habbena, 2009; Baldia et al., 2009), we are un- aware of
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measurements made when AOOs and cyanobacteria were in direct competition. At some
point in the bloom progression, cyanobacteria must outcompete AOOs for available
NH4+.
The overall objective of this study was to investigate seasonal NH4+ dynamics and
the degree of competition between AOOs and cyanobacteria in hypereutrophic Taihu
Lake. We measured community NH4+ uptake and regeneration rates, and nitrification
rates, under different bloom conditions to help determine how cyanoHABs influence
NH4+ fluxes. We compare these rates to (1) investigate the competition for NH4+ between
phytoplankton/cyanobacteria and nitrifying bacteria and archaea; (2) quantify the
oxidation of NH4+ to NO3- , which is in turn available for removal via denitrification or
assimilation by other organisms; (3) determine the fraction of NH4+ that is supplied
within the system via water column regeneration/remineralization; and (4) characterize
the community composition of AOOs. We hypothesized that (1) lower nitrification rates
occur during cyanoHABs due to increased competition for NH4+; (2) rates of nitrification
are higher in Taihu Lake than in most coastal and marine systems due to high in situ
substrate concentrations; (3) rapid NH4+ turnover increases with phytoplankton biomass;
and (4) AOB outnumber AOA due to higher saturation concentrations.
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2.2. Methods
2.2.1 Site description and time frame
Lake Tai (Taihu; from the Chinese for “Great Lake”) is China’s third largest
freshwater lake. Due to industrial development and urbanization in the watershed, Taihu
has shifted from a diatom-dominated, mesotrophic lake to a hypereutrophic lake
experiencing cyanoHABs (Paerl et al., 2014; Qin et al., 2007). Historically, these blooms
have been associated with toxin producing, non-N2 fixing Microcystis spp., which can
form surface scums on the lake for up to 10 months per year (Chen et al., 2003; Duan et
al., 2009; Ma et al., 2016; Otten and Paerl 2011). The surface blooms have a welldocumented negative impact on fisheries, tourism, and local economies, including a
drinking water shutdown in 2007 (Qin et al., 2007; Steffen et al., 2017; Xu et al., 2010).
Taihu is a large (2,338 km2), shallow (mean depth = 1.9 m) lake in southeast
China, situated in the Yangtze river delta about 150 km west of Shanghai. The lake is an
important source of freshwater and resources for the ~40 million people within the
watershed. Taihu has a complicated hydrology, with 172 rivers and channels connected to
the lake (Qin et al., 2007). This network of rivers carries nutrient loads from agricultural
runoff, factories, and household wastewater. Taihu has a relatively long residence time of
approximately 280–300 days (Paerl et al., 2014; Xu et al., 2010).
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Figure 2.1. Map of sampling stations in Taihu (from Paerl et al. 2011).
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Water samples were collected from four locations: Stations 1 and 3 in Meiliang
Bay, Station 7 in the north-central part of the lake, and Station 10 on the western side of
the lake basin (Fig. 2.1). In previous studies (e.g., McCarthy et al., 2007), sampling
Stations 1, 3, and 7 followed a discharge gradient from the Liangxihe River in the
northeast part of Meiliang Bay to the central lake, and Station 0 (“river”) was located at
the Liangxihe River discharge. However, in 2007, the Yangtze River was diverted into
Taihu in an effort to decrease the lake residence time and flush Microcystis spp. and
nutrients out of the lake (Qin et al., 2010). Diverted water from the Yangtze River now
flows into Gonghu Bay, the easternmost of the three northern bays. This diversion
resulted in intermittent flow reversals through Meiliang Bay, where the Liangxihe River
now mainly serves as an outflow. Since the discharge gradient from Station 1 to 7 was no
longer consistent in Meiliang Bay, Station 0 was replaced with a new river input (Station
10) on the western side of the lake near the Dapugang River mouth. Environmental
variables (temperature, dissolved oxygen, pH, total dissolved solids (TDS), and
chlorophyll a) were measured in situ at each site using a YSI 6600 multi-sensor sonde.
Water samples were collected in August 2013, June 2014, March 2015, and July
2016. Each of these sampling events corresponded with a pronounced Microcystis bloom
at all sites (Ma et al., 2016; Deng et al., 2014; Li et al., 2017; Su et al., 2017; Qian et al.,
2017), except Stations 7 and 10 in March 2015 (visual observation). Our sampling dates
were representative of seasonal conditions in the region, specific to this subtropical
climate zone, and did not correspond with any extreme weather patterns (e.g., typhoons,
droughts). Temperature and precipitation patterns were average for this climate region.
Water was collected into 4 l carboys at the surface (top 20 cm) and near-bottom
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(approximately 2 m depth) to investigate any changes in nutrient dynamics associated
with depth. Samples for nutrient analyses (NO3-, NO2-, o-PO43-, and urea) were filtered
immediately in the field using 0.2 µm nylon syringe filters (GE Millipore) into 15 ml
snap-cap tubes (Falcon) and stored frozen at -20°C. Nutrient samples were analyzed on a
Lachat QuikChem 8000 nutrient analyzer at the University of Texas Marine Science
Institute (UTMSI; Aug 2013, June 2014) or a Lachat 8500 nutrient analyzer at Wright
State University (WSU; March 2015, July 2016) according to manufacturer directions.
Ambient NH4+ concentrations were determined by ammonium retention time shift
(AIRTS) high performance liquid chromatography (HPLC) at UTMSI (Gardner et al.,
1995). Briefly, the atom % 15N-NH4+ and total NH4+ concentration are determined by
comparing the retention time shift of the sample relative to the natural abundance NH4+
standard (Gardner et al., 1996)

2.2.2 Water column NH4+ uptake and regeneration
NH4+ uptake and regeneration rates were determined following the protocol of
McCarthy et al. (2013). Water collected in 4 l carboys was returned to the Taihu
Laboratory for Lake Ecosystem Research (TLLER) for isotope amendments and
incubations. 500 ml from each site/depth was amended with 98% 15NH4Cl (Isotec;
concentration added 8–96 µM) and distributed into six (triplicates for light and dark) 70
ml, clear tissue culture bottles (Corning; McCarthy et al., 2007). The goal of the substrate
additions in these uptake/regeneration experiments was to add more-than-trace levels to
ensure that all of the label was not taken up during the incubations; our goal was to add
the label concentration at an equivalent value to the most recent monitoring data we could
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obtain for NH4+ concentrations, or at least 8 µM (even when concentrations are low,
recycling rates can be quite high). Dark bottles were wrapped with thick aluminum foil.
Initial samples (T0) were withdrawn from each bottle with a rinsed syringe, filtered (0.2
µm filters) immediately into 8 ml glass vials (Wheaton), and frozen until analysis at
UTMSI. Light and dark bottles were then submerged (approximate depth 0.2 m) in a
mesh bag at in situ light and temperature in the lake. After ~24 h, final samples (Tf) were
filtered in the same manner as the T0 samples. Total NH4+ concentrations and atom % 15N
for all samples were determined by AIRTS/HPLC (Bruesewitz et al., 2015; Gardner et
al., 1995). Potential uptake and actual regeneration rates were calculated using the
Blackburn/Caperon isotope dilution model (Blackburn, 1979; Caperon et al., 1979;
McCarthy et al., 2013). The uptake rate is considered a potential rate, which includes
nitrification, assimilation, and other consumption processes, and regeneration is an actual
rate that encompasses remineralization, decomposition of dead organic matter,
heterotrophic excretion, respiration, biodegradation, and sloppy feeding by zooplankton
(Saba et al., 2011).

2.2.3 Ammonia and nitrite oxidation rates
Nitrification rates were measured directly using the 15NH4+ tracer addition
method. 500 ml of water from each station and depth was distributed into 750 ml
polycarbonate bottles, enriched with a tracer amount (approximately 20% of the total
pool) of 98% 15NH4Cl (Isotec), mixed thoroughly by inverting 10 times, and distributed
into three 125 ml polycarbonate incubation bottles. Unenriched samples for each station
and depth were distributed into 125 ml incubation bottles. Initial samples (T0) were
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filtered using 0.22 µm syringe filters into 30 ml polycarbonate bottles and frozen until
analysis. Final samples were collected as described after incubating for 24 h at in situ
light and temperature. Samples were returned frozen to WSU for analysis.
Accumulation of 15NO2- was measured using the sodium azide (NaN3) reduction
method (Heiss and Fulweiler, 2016; McIlvin and Altabet, 2005; Newell et al., 2011).
Briefly, 7.5 ml from each sample was distributed into a 12 ml Exetainer vial (Labco, UK)
and capped tightly. Each sample was then injected (with gastight syringe) with 0.25 ml of
1:1 (v:v) 2 M NaN3 :20% CH3COOH solution (previously purged with Ar for 30 min),
followed by incubation for 1 h at 30 °C (McIlvin and Altabet, 2005). All NO2accumulated in the sample from NH3 oxidation was transformed chemically to N2O.
After 1 h, the reaction was stopped by injection of 0.15 ml of 10 M NaOH.
Accumulation of 15NO3- was measured using the Cd reduction/NaN3 reduction
method (Heiss and Fulweiler, 2016). Approximately 25 ml from each sample was
transferred into 50 ml centrifuge tubes. First, in situ NO2- was removed with 0.25 ml of
0.4 M sulfamic acid (H3NSO3). After 10 min, the reaction was neutralized with 0.125 ml
of 2 M NaOH (Granger and Sigman, 2009). NO3- was reduced to NO2- by addition of 100
mg of MgO, 6.6 g of NaCl, and 0.75–1 g of acidified Cd powder to each sample,
followed by 17 h incubation on a shaker table (McIlvin and Altabet, 2005). Samples were
centrifuged at 1000 x g for 15 min, and 7.5 ml of supernatant was carefully transferred
into 12 ml Exetainers. Cadmium-reduced NO2- was further reduced to N2O with the
previously described NaN3 method.
Samples were sent inverted to the University of California Davis Stable Isotope
Facility for isotopic analysis of 45/44N2O using a ThermoFinnigan GasBench + PreCon
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trace gas concentration system interfaced to a ThermoScientific Delta V Plus isotoperatio mass spectrometer (Bremen, Germany). Nitrification rates were corrected for NaN3
reduction efficiency, and 15NO2- production was calculated as:
NH3 Ox (in nM day-1) = ((15N/14N * [NO2-])24h – (15N/14N * [NO2-])0h)/ a * t
Where a = [15NH4+] / ([15NH4+] + [14NH4+])
And 15NO3- production:
NO2- Ox (in nM day-1) = ((15N/14N * [NO3-])24h – (15N/14N * [NO3-])0h)/ a * t
Where a = [15NO2-] / ([15NO2-] + [14NO2-])
Total nitrification rates were calculated from the sum of 15NO2- and 15NO3- accumulation.

2.2.4 Quantitative Polymerase Chain Reaction (qPCR)
During the 2014–2016 sampling events, environmental DNA for AOO abundance
was collected using 0.2 µm Sterivex filters (EMD Millipore, MA, USA) and preserved
with Ambion RNAlater (Invitrogen, Carlsbad, CA, USA). Approximately 60–120 ml of
site water was pushed through the filter for each station and depth and then stored filled
with 5 mL RNAlater. Preserved filters were frozen at -80 ˚C and transported to WSU.
DNA was extracted using the Gentra PureGene kit (Qiagen Inc., USA) extraction
protocol with slight modifications (Newell et al., 2011). Sterivex filters were first washed
with Phosphate Buffer Saline 1X Solution (Fisher BioReagents, USA) to remove any
residual RNAlater. Lysis buffer (0.9 ml) and Proteinase K (4 µl) were added to the filters,
followed by 1 h incubation at 55 °C and 1 h incubation at 65 °C. The solution was
removed to a 1.5 ml tube, and the incubation was repeated with fresh lysis buffer and
Proteinase K.
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Concentration and purity of the DNA were measured spectrophotometrically
(Nanodrop 2000, ThermoScientific). AOA were targeted with Arch-amoAF and ArchamoAR primers targeting the 635 base pair (bp) region of the amoA gene, subunit A of
the ammonia monooxygenase enzyme (AMO; Francis et al. 2005). Bacterial amoA was
quantified using amoAF and amoA2R primers (Rotthauwe et al., 1997) to target the 491
bp region of amoA. qPCR standards were prepared by cloning the fragment of interest for
AOA and AOB with the TOPO TA Cloning Kit (Invitrogen, USA), inserting it into a
competent cell plasmid (One Shot E. coli cells, Invitrogen, USA), and isolating the
plasmid containing the amoA gene using the UltraClean Standard Mini Plasmid Prep Kit
(Mo Bio Laboratories Inc., Carlsbad, CA, USA).
AOA and AOB qPCR assays were conducted within a single 96 well plate for
each year (2014, 2015, and 2016). Each run included three negative controls (no
template), five standards from serial dilution in triplicates, and the environmental DNA
samples in triplicate. Each sample and standard received 12.5 µl of SYBR green Fast
Mastermix (Qiagen Inc., USA), 0.5 µl of each 10 µM primer, and 2–15 ng of template
DNA.
All PCR work was performed in a PCR fume hood after cleaning the surface with
DNAaway (ThermoScientific, USA) and engaging the UV light (20 min) to prevent
contamination. qPCR protocol followed the method of Bollmann et al. (2014) for AOA
(95 °C initial denaturation for 5 min, 95 °C denaturation for 30 sec, 53 °C annealing for
45 sec, and 72 °C extension for 1 min; 45 cycles) and AOB (95 °C initial denaturation for
5 min, 95 °C denaturation for 30 sec, 56 °C annealing for 45 sec, 72 °C extension for 1
min; 45 cycles), followed by the melting curve. Automatic settings for the thermocycler
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(Realplex, Eppendorf) were used to determine threshold cycle (Ct values), efficiency
(85–95%), and a standard curve with R2 values above 0.9. Gene copy number was
calculated as (ng * number mol -1)/ (bp * ng g-1 * g mol-1 of bp) and is reported in gene
copies/ml of sample water. The detection limit was 980 copies/ml for AOB and 4807
copies/ml for AOA. These calculated detection limits do not represent the greatest
sensitivity possible with our method, as the standard concentrations were selected to
bracket the expected environmental concentrations. Indeed, our reported values are above
the detection limit for both AOA (by two orders of magnitude) and AOB.

2.2.5 Statistical analysis
All statistical analyses were performed using RStudio software (R Version 3.3.1).
Prior to statistical analysis, data were checked for normality using the Shapiro–Wilk
normality test. The only variables that were normally distributed were DO, pH, and TDS.
To explore potential environmental drivers of the rates, a multivariate correlation analysis
was performed using the Kendall correlation method for nonparametric data. A p-value
of <0.05 was considered statistically significant. Additionally, stepwise multiple
regression models were run using the MASS package (R Version 7.3). The best fitting
model was selected based on the minimum Akaike’s Information Criteria (AIC; Akaike
1974). To normalize data for parametric analysis, all non-normally distributed variables
were log(x+1) transformed prior running the model.
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2.3. Results
2.3.1 Lake ambient conditions
Physicochemical parameters in Taihu varied seasonally and spatially (Table 2.1).
The most pronounced seasonal variations were observed in temperature and DO, with
highest water temperature recorded in August. DO varied significantly, with highest
values in March and lowest in August (p < 0.01). pH varied significantly with season,
with lowest values in March and highest in August (p < 0.01). TDS values were highest
in July 2016 and lowest in August 2013 (p < 0.001). Chlorophyll a concentrations were
lowest in March 2015 (mean = 11.1 µg L-1), but bloom conditions (> 20 µg L-1; Xu et al.,
2015) were observed at some locations (e.g., 20.3 µg L-1 at Station 3, and visual
confirmation at Stations 1, 3, and several other areas of the lake). Bloom conditions were
also present and observed at all sites in June 2014 (mean = 36.6 µg L-1), July 2016 (mean
= 58.1 µg L-1), and August 2013 (43.7 µg L-1).
Ammonium concentrations remained high throughout all sampling events, with
highest values in March 2015 and lowest values in August 2013, but differences were not
statistically significant (p = 0.125). Nitrite concentrations were not different between
seasons, although they were significantly higher at Station 10 than other stations (p <
0.001). Nitrate concentrations followed the pattern of NH4+ concentrations and were
highest in March 2015 and lowest in August 2013 (p < 0.001). Orthophosphate
concentrations followed a seasonal pattern with lowest concentrations in March and
highest in August (p < 0.005), and o-PO43- concentrations at Station 10 were significantly
higher than at any other station (p < 0.001).
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Table 2.1.
Environmental characteristics during sampling events in Lake Taihu (2013–2016) for each
station/depth: temperature, dissolved oxygen (DO), pH, chlorophyll a (chl a; surface only),
total dissolved solids (TDS), and in situ nutrient concentrations. S in station name =
surface water (0.2 m), and D = deep, near-bottom water (~2 m).
Year/
Temp
DO
Chl a
[NH4+] [NO2-] [NO3-] [PO43-]
Station
pH
TDS
Month
(°C)
(mg L-1)
(µg L-1)
(µM) (µM) (µM)
(µM)
2013
1S
30.9
3.53
8.11
53.9
377
1.37
0.28
2.09
2.51
1D
30.8
4.24
8.05
377
1.79
0.23
2.17
2.96
3S
32.5
9.07
9.02
57.6
390
0.51
0.23
1.84
1.64
3D
31.9
7.40
8.97
390
0.56
0.25
0.60
1.62
7S
30.4
3.40
8.05
22.2
357
0.26
0.21
2.20
0.41
7D
30.4
3.40
8.18
357
0.32
0.14
0.90
2.73
10S
32.1
8.60
9.33
40.8
375
0.61
1.90
7.74
4.83
10D
32.0
8.00
9.43
375
0.29
1.04
3.76
5.69
2014
1S
23.9
8.50
8.11
13.7
436
6.16
3.33
87.5
1.75
1D
22.7
5.10
8.07
437
8.34
3.36
87.1
0.69
3S
27.2
8.60
8.73
11.1
419
1.09
1.72
58.3
0.24
3D
25.4
7.30
8.71
411
1.20
2.61
57.4
0.35
7S
22.8
9.70
7.85
42.4
383
1.55
0.83
66.3
0.39
7D
22.5
8.60
7.69
384
1.59
0.74
61.6
2.13
10S
26.3
5.60
8.89
79.5
424
35.4
14.9
70.0
2.43
10D
26.4
5.50
8.60
424
35.7
15.1
68.9
2.52
2015
1S
11.6
10.1
8.34
7.5
393
2.49
0.55
53.9
0.20
1D
11.7
3.40
6.67
393
2.49
0.58
54.7
0.04
3S
9.4
12.8
7.74
20.4
414 BDL* 0.82
119.4
0.03
3D
8.2
12.9
7.52
414
0.83
0.86
117.6
0.05
7S
10.8
11.3
8.40
10.5
416
5.93
1.95
172.2
0.02
7D
10.7
10.7
8.01
416
5.93
1.44
136.2
0.12
10S
9.6
8.90
7.94
6.0
422
131
7.05
270.6
1.41
10D
9.4
8.71
7.73
421
132
6.97
269.5
1.36
2016
1S
26.7
11.3
7.89
96.8
445
43.3
8.86
79.7
1.95
1D
25.5
7.55
7.67
458
20.0
6.71
58.8
1.31
3S
26.1
7.00
8.50
101.0
410
17.6
0.86
3.81
1.05
3D
26.3
7.30
8.50
410
21.1
0.72
3.87
1.16
7S
25.8
10.0
7.95
13.2
465
0.33
0.08
16.4
0.03
7D
25.1
8.88
7.88
466
0.25
0.11
16.5
0.05
10S
25.6
4.10
7.75
21.3
470
13.4
9.66
94.0
2.43
10D
23.4
4.10
7.62
470
65.3
8.45
66.8
3.18
*Nutrient analysis detection limits: NH4+ = 0.04 µM; NOx = 0.04 µM; OP = 0.008 µM.
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2.3.2 Potential NH4+ uptake
In August 2013, light uptake rates (all NH4+ uptake are potential rates) were
uniform across sites (mean = 0.40 ± 0.04 µmol L-1 h-1) and did not vary between surface
and bottom waters (Fig. 2.2a). In June 2014, light uptake rates in surface waters at
Stations 1, 7, and 10 (mean = 0.80 ± 0.06 µmol L-1 h-1) were significantly higher than
deep rates (mean = 0.31 ± 0.08 µmol L-1 h-1; p < 0.001). However, light uptake rates at
Station 3 did not differ from zero at either depth (Fig. 2.2a). Mean surface and deep
uptake rates in the dark in August 2013 (0.25 ± 0.01 µmol L-1 h-1) and June 2014 (0.13 ±
0.05 µmol L-1 h-1) were significantly lower than light uptake rates (Fig. 2.2b; p < 0.05). In
March 2015, light uptake rates at Stations 1–7 (mean = 0.12 ± 0.04 µmol L-1 h-1) were
lower than those during August 2013 and June 2014 (mean = 0.43 ± 0.41 µmol L-1 h-1)
except for Station 10, where the rates were significantly higher (mean = 1.36 ± 0.20 µmol
L-1 h-1; p < 0.001). In contrast to summer, dark uptake rates in March 2015 were not
significantly different than light rates (Fig. 2.2b). In July 2016, light uptake rates were
highest at Stations 1, 7, and 10 (1.31 – 6.82 µmol L-1 h-1). Stations 3 and 7 rates were
highest in bottom waters (0.80 ± 0.16 µmol L-1 h-1 and 2.55 ± 0.14 µmol L-1 h-1,
respectively). In July 2016, light and dark uptake rates did not differ significantly (p =
0.15); highest dark uptake rates were observed at Station 1 in surface water (3.33 ± 0.67
µmol L-1 h-1). Light uptake rates, across all stations and seasons, correlated positively
with TDS and NH4+:NO3- and negatively with pH, while dark uptake rates correlated
positively with TDS, NH4+, and NH4+:NO3-, and negatively with pH (Table 2.2).
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Table 2.2.
Details of non-parametric Kendall’s correlation analysis on environmental parameters and NH4+ dynamics rates in Lake
Taihu. Statistically significant (p < 0.05) Kendall’s Tau coefficients are bold
Temp
DO
pH
Chl a TDS NH4+ NO2NO3- PO43- NH4+:NO3Uptake L
Kendall's T -0.010 -0.061 -0.326 0.133 0.321 0.230 0.020
0.048 0.081
0.301
p value
0.935
0.626 0.009 0.471 0.010 0.064 0.871
0.697 0.517
0.016
Uptake D
Kendall's T -0.014 -0.041 -0.293 0.117 0.337 0.295 0.000
0.069 0.069
0.369
p value
0.910
0.745 0.019 0.529 0.007 0.018 1.000
0.581 0.581
0.003
Regeneration Kendall's T 0.095 -0.110 -0.103 0.300 0.301 0.344 0.149
0.012 0.259
0.487
p value
0.446
0.381 0.408 0.105 0.016 0.006 0.230
0.923 0.038 <0.001
Nitrification Kendall's T -0.138 -0.128 -0.214 0.242 0.058 0.385 0.341
0.377 0.341
0.272
p value
0.346
0.385 0.143 0.273 0.691 0.009 0.020
0.010 0.020
0.063
AOA
Kendall's T 0.109
0.179 0.083 0.273 0.161 0.015 -0.014 -0.051 0.043 -0.004
p value
0.457
0.224 0.568 0.217 0.275 0.921 0.921
0.728 0.766
0.980
AOB
Kendall's T 0.175 -0.157 -0.149 0.273 0.175 0.458 0.341
0.130 0.500
0.425
p value
0.234
0.286 0.309 0.217 0.233 0.002 0.020
0.372 0.001
0.004
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Figure 2.2. Ammonium dynamics in Taihu. (a) Potential light uptake rates ± one standard
error. (b) Potential dark uptake rates ± one standard error. (c) Mean light and dark
regeneration rates ± one standard error. (d) Seasonal averaged percent of light uptake
supported by regeneration ± one standard error and averaged in situ NH4+ concentrations.
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2.3.3 Regeneration of NH4+
Regeneration rates in the light and dark (all NH4+ regeneration rates are actual
rates, not potential) were not significantly different from each other across all years and
seasons; therefore, light and dark rates were averaged together (Fig. 2.2c). Regeneration
rates did not differ significantly between the summer bloom sampling events in August
2013 and June 2014 (mean = 0.22 ± 0.03 µmol L-1 h-1), but July 2016 regeneration rates
(mean = 0.75 ± 0.16 µmol L-1 h-1) were significantly higher than in August and June (p =
0.004), with exceptionally high regeneration rates occurring in surface waters in July at
Station 1 (mean = 2.37 ± 0.16 µmol L-1 h-1). In March 2015, mean surface and deep
regeneration rates decreased from the river mouth (Station 10; 0.88 ± 0.15 µmol L-1 h-1)
towards the center of the lake, with significantly higher regeneration rates at 10 than
Stations 1–7 (mean = 0.10 ± 0.03 µmol L-1 h-1; p < 0.01). Regeneration rates were
positively correlated with TDS, NH4+, and o-PO43- concentrations, and NH4+:NO3- (Table
2.2).

2.3.4 Nitrification (2014-2016)
Note that nitrification rates are presented in nmol L-1 d-1 for consistency with
literature reported values (Fig 2.3). At stations 1, 3, and 7 15NH4+ additions, 91.8 % of the
label was detected as 15NO3- and only 8.2 % as 15NO2- (Fig 2.3a). Total nitrification rates
at Station 3 did not vary across seasons. At Station 7 in the central lake, highest total
nitrification rates were observed in March 2015 (mean = 663 ± 69.4 nmol L-1 d-1) in both
surface and deep waters compared to the lowest rates in July 2016 (mean = 1.58 ± 0.78
nmol L-1 d-1). At Station 1, the highest rates were measured in surface waters in July 2016
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(mean = 773 ± 50.7 nmol L-1 d-1), but the rates at depth followed a seasonal pattern from
high in the spring (mean = 646 ± 158 nmol L-1 d-1) to an order of magnitude lower in the
summer (mean = 9.86 ± 3.28 nmol L-1 d-1).
Total nitrification rates at Station 10 were significantly higher than other stations
(Fig. 2.3b; p < 0.001). Rates were, at times, orders of magnitude higher, and total
nitrification ranged from 148 – 3750 nmol L-1 d-1 (mean = 1590 ± 1390 nmol L-1 d-1),
compared to Stations 1–7 ranging from 2.00 – 771 nmol L-1 d-1 (mean = 270 ± 277 nmol
L-1 d-1). At Station 10 in July 2016, 80% of the 15NH4- addition was detected as 15NO2-.

2.3.5 Ammonia oxidizer abundance
Abundance of the bacterial amoA gene for all years (2014–2016) varied from
undetectable to 2.85 x 105 ± 5.20 x 104 copies ml-1. Archaeal amoA abundance ranged
from undetectable to 1.03 x 107 ± 3.37 x 106 copies ml-1 (Fig. 2.4a). Neither AOB nor
AOA amoA gene copy abundances were statistically different between the three seasons.
The highest ratio of AOB:AOA gene abundance (1.81) was reported at Station 3 in
Meiliang Bay (Fig. 2.4b), and the lowest ratio (0.01) was observed at Station 7. AOB
gene abundance was positively correlated with NH4+, NO2-, and o-PO43- concentrations,
and NH4+:NO3-, while AOA gene abundance was not significantly correlated to any
environmental variable (Table 2.2).
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Figure 2.3. Total nitrification rates calculated from accumulation of 15NO2- (grey) and
15
NO3- (black) ± one standard deviation. (a) Stations 1–7. (b) Station 10. The two axes
show different units for total nitrification rates: nmol L-1 d-1 (left) and µmol L-1 h-1 (right).
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Figure 2.4. Ammonia oxidizing organism population characteristics. (a) Ammonia
oxidizer abundance (DNA) ± one standard deviation. (b) Ratio of abundance of ammonia
oxidizing bacteria (AOB) to ammonia oxidizing archaea (AOA).
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2.4. Discussion
2.4.1 Ammonium regeneration and potential uptake
Ammonium uptake rates (0.02 – 6.82 µmol L-1 h-1) reported here were within the
range of or slightly higher than rates reported in other studies (Table 2.3). Rates were
higher than uptake rates reported previously in Meiliang Bay (0.11 – 1.54 µmol L-1 h-1)
and the central lake (0.03 – 0.32 µmol L-1 h-1) but within the range of rates reported in the
Liangxihe River (0.70 – 4.19 µmol L-1 h-1; McCarthy et al., 2007). Light uptake rates in
March, June, and August resembled rates in eutrophic Lake Okeechobee but were higher
than rates in Missisquoi Bay, Lake Champlain, Lake Michigan, and eutrophic New
Zealand lakes Rotorua and Rotoiti (Table 2.3 and references therein). Higher light uptake
rates were reported only in hypereutrophic Lake Maracaibo, Venezuela (Table 2.3) and in
Maumee Bay, Lake Erie during a summer cynaoHAB bloom (Gardner et al. 2017).
Potential NH4+ uptake rates in these systems, evaluated using the same methods, increase
with chlorophyll a (p < 0.05), but the proportion of community uptake that can be
supported by regeneration remains relatively consistent (Table 2.3).
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Table 2.3.
Comparison of ammonium dynamics (in µmol L-1 hr-1) and chlorophyll a concentrations among different
freshwater studies.
Lake Lugano
Lake Michigan
Lake Rotorua
Lake Rotoiti
Missisquoi Bay
Lake Erie
Lake Okeechobee
Taihu Lake
Taihu Lake
Lake Maracaibo

Uptake (Light)
0.017 ± 0.001
0.019 ± 0.004
0.114 ± 0.008
0.132 ± 0.033
0.205 ± 0.022
0.258 ± 0.128
0.577 ± 0.006
0.655 ± 0.285
0.886 ± 0.09
3.35 ± 0.795

Uptake (Dark)
0.008 ± 0.003
0.01 ± 0.002
0.021 ± 0.005
0.08 ± 0.019
0.104 ± 0.015
0.036 ± 0.009
0.029 ± 0.01
0.271 ± 0.111
0.399 ± 0.121
2.73± 0.643

Regeneration
0.010 ± 0.002
0.008 ± 0.001
0.047 ± 0.007
0.063 ± 0.018
0.085 ± 0.013
0.124 ± 0.052
0.160 ± 0.021
0.325 ± 0.144
0.368 ± 0.071
0.389 ± 0.175
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Chl a (µg L-1)
< 2.00
2.44
23.3
7.66
16.2
19.9
16.8
11.5
37.4
22.0

Reference
McCarthy unpublished
Gardner et al., 2004
Gardner et al., 2017
Gardner et al., 2017
McCarthy et al., 2013
McCarthy unpublished
James et al. 2011
McCarthy et al.2007
This study
Gardner et al. 1998

Light uptake rates in Taihu were marginally higher (p = 0.08) than dark uptake
rates, presumably due to reduced photosynthetic phytoplankton activity. Photoautotrophs
may continue to assimilate nutrients in the dark under nutrient limitation (Cochlan et al.,
1991), but Taihu is generally nutrient replete, so we assume that dark uptake rates can be
attributed mostly to heterotrophic or chemolithoautotrophic organisms. Uptake rates were
significantly higher in July 2016 than at other times, which may have been due to higher
precipitation and subsequent runoff; during summer 2016, average rainfall in June and
July was about 305 mm compared to 106 mm in June 2014, 105 mm in August 2013, and
54 mm in March 2015 (WorldWeatherOnline.com; accessed on <08/02/2017>) however,
it is within the range of typical summer rainfall (185–320 mm;
WorldWeatherOnline.com). Dark uptake rates in Taihu exceeded dark rates reported in
Lake Okeechobee (0.02 – 0.04 µmol L-1 h-1; James et al. 2011), Missisquoi Bay, Lake
Champlain (0.10 µmol L-1 h-1; McCarthy et al., 2013), and Lake Michigan (7 nmol L-1 h1

; Gardner et al., 2004) suggesting high activity of both heterotrophs and

chemolithoautotrophs in Taihu. A previous metagenomics study of the bloom
composition in Taihu revealed an overlooked contribution of heterotrophic bacteria to N
assimilation processes by Microcystis, which could be important in driving toxic blooms
(Steffen et al., 2012).
Internal NH4+ cycling via regeneration is important in Taihu and varies seasonally
(McCarthy et al., 2007; Paerl et al., 2011). In March 2015, about 38% of light uptake for
all sites and depths was supported by regeneration (Fig. 2.2d). This proportion increased
in June 2014 and July 2016 to 58% and 42%, respectively, and was highest in August
2013 (109%). The importance of regeneration corresponded to decreasing in situ NH4+
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concentrations (Fig. 2.2d). These results suggest that, in March and June, regeneration
supplemented ambient NH4+ in the water column to support algal production, whereas
cyanobacteria relied more heavily on NH4+ from regeneration to sustain blooms in July
and August. Water column regeneration may supply more NH4+ for blooms than
sediment NH4+ regeneration in Taihu due to combined spatial, temperature, and
biogeochemical factors (McCarthy et al., 2007; Gardner et al., 2017). Rapid
decomposition of cyanoHAB biomass may provide NH4+ for nitrification, which provides
substrate for denitrification. High rates of sediment denitrification (McCarthy et al.,
2007) also may drive N limitation in late summer and fall (Paerl et al., 2011; Xu et al.,
2010)
To calculate whole-lake, water column NH4+ regeneration and uptake rates, we
divided the lake (2,338 km2; Qin et al., 2007) into four different sections based on
geochemical and ecological properties (Qin, 2008): (1) three northern bays (361.8 km2;
depth = 1.9 m) most affected by the blooms; (2) the main lake (1,523.9 km2; depth = 1.9
m); (3) the East Taihu region, dominated by rooted and floating macrophytes (357.5 km2;
depth = 1.4 m); and (4) shorelines <1 m deep (94.8 km2). We considered regeneration
and uptake rates from Stations 1 and 3 to represent the northern bays area, Station 7 as
the main lake, Station 10 as shoreline, and regeneration rates previously reported for East
Taihu (McCarthy et al., 2007; Paerl et al., 2011). When extrapolated to the volume of
these four zones in Taihu, regeneration returned about 3.04 x 107 kg of NH4+ annually in
the three northern bays, 6.71 x 107 kg of NH4+ in the main lake, 8.87 x 106 kg of
NH4+ along the shorelines, and 2.88 x 106 kg of NH4+ in East Taihu Lake. These values
sum to 1.09 x 108 kg of NH4+recycled in the water column, approximately two times
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higher than reported external N loadings, which range from 5.11 x 107 to 7.00 x 107 kg
annually (Chen et al., 2012; Yan et al., 2011). The same procedure for extrapolation of
whole-lake uptake rates yields 3.5 x 108 kg of NH4+, which is 4–6 times higher than
external N loads. The combination of external loads and regeneration cannot support the
demand for NH4+, suggesting that the remaining NH4+ demand must be satisfied by
internal loads from sediments or some other unknown source, or that reported TN loads
are underestimated. These rough estimates of lake-wide regeneration and uptake are
based on rates measured at specific stations at discreet times; improved spatial and
temporal resolution of measurements are needed to improve these estimates.
Additionally, these calculated values are probably an overestimate given that most of the
rates measured and reported in this study are during spring and summer months, not fall
and winter, when we might expect lower rates. Taihu is a complex ecosystem with 172
rivers and channels connected to the lake (Qin et al., 2007), making any estimations of
total N loadings challenging. As such, we believe that the reported total N loads to Taihu
are likely an underestimate. However, our results show that these external N loads lead to
higher biomass and fuel high regeneration rates. Combined with high ambient nutrient
concentrations, these data suggest that microbial denitrification cannot remove N fast
enough to keep pace with external N loading. Increasing nutrient loads can result in
decreasing efficiency of denitrification (Gardner and McCarthy, 2009; Mulholland et al.,
2008), which will limit the ability of a system to self-mitigate excess N loads.
2.4.2 Nitrification
Total nitrification rates reported in this study exceeded previously reported rates
in most oligotrophic and mesotrophic freshwater systems. Published nitrification rates in
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lakes include the water columns of saline Lake Mono, CA (60–480 nmol L-1 d-1; Carini
and Joye, 2008) and Lake Superior, USA (0–51 nmol L-1 d-1; Small et al., 2013), both
measured via 15NH4+ tracer additions, and Lake Okeechobee, FL (67–97 nmol L-1 h-1;
James et al., 2011), measured via the 15NO3- pool dilution method (Carini et al., 2010).
Rates on this scale were previously reported only in eutrophic Lake Mendota (WI; 1700 –
26000 nmol L-1 h-1; Hall, 1986) and the Pearl River Estuary (China; 2100 – 65100 nmol
L-1 d-1; Dai et al., 2008). However, these rates were measured from accumulation of NO2and NO3- , not stable isotope additions. High total nitrification rates in Taihu can be
attributed to high ambient NH4+ concentrations, up to 40 µM at Station 1 in 2016 and 135
µM at Station 10 in 2014. These high concentrations of NH4+ are due to high external N
loadings, including N in organic matter, into the lake, of which ~1.32 x 107 kg were
loaded as NH4+ in 2009 (Yan et al., 2011). The significant relationships between
nitrification and NH4+, NO2-, and NO3- concentrations (p < 0.05; Table 2.2) support these
observations.
Substrate concentrations drive NH4+ oxidation rates and, therefore, end-product
pools, since it is the rate limiting step of nitrification (i.e., completion of nitrification is
dependent on the first step). Accumulation of 15NO3- exceeded accumulation of 15NO2- by
a factor of 9 at Stations 1, 3, and 7 across all sampling events (Fig. 2.3a), indicating that
NO2- oxidation is keeping pace with or exceeding NH4+ oxidation. Higher accumulation
of 15NO3- was expected, since NO3- is the final product of total nitrification.
At Station 10, accumulation of 15NO3- exceeded 15NO2- in March 2015 and June
2014. In July 2016, however, accumulation of 15NO2- was three times higher in surface
water and comparable at depth (Fig. 2.3b). Ambient NO2- concentration at Station 10 in
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July 2016 was 9.6 µM in surface water and 8.4 µM at depth (Table 2.1). This
accumulation of NO2- suggests that NO2- oxidizers were saturated, consistent with Km
values reported for NO2- oxidation in the oligotrophic open ocean were 0.25 ± 0.16 μM
(Sun et al., 2017). However, culture experiments report Km values ranging from 6–544
µM for Nitrospira, Nitrobacter, and Nitrotoga spp. (Blackburne et al., 2007; Nowka et
al., 2015; Ushiki et al., 2017).
At most stations, nitrification rates in Taihu were highest in March, lower in June,
and lowest in July. During the spring sampling, nitrification accounted for about 8% of
light uptake and 15% of dark uptake at Stations 1 – 7. In June, nitrification accounted for
2.6% of light uptake and 9.6% of dark uptake, and in July only 0.2% and 0.3% of light
and dark uptake, respectively. These results show a seasonal trend of decreasing
contribution of nitrification to total uptake rates and higher contribution of nitrifiers to
dark uptake. As stated above, chemolithoautotrophs (including nitrifiers) do not rely on
light for energy and continue to assimilate NH4+ in dark conditions, while
photoautotrophic cyanobacteria can assimilated NH4+ in the dark only when nutrient
limited (Cochlan et al., 1991). However, the presence of high dissolved inorganic N
concentrations in ambient water samples suggests that the observed dark uptake was
likely performed primarily by non-photoautotrophs, including nitrifiers.
We observed no significant seasonal change in nitrification across all stations and
no consistent pattern between temperature and nitrification. While the lack of relationship
of nitrification with temperature agrees with nitrification studies in the ocean (Ward,
2008), other studies have reported temperature as a potential driver of nitrification in
coastal waters (Heiss and Fulweiler, 2016). Although not statistically linked to changes in
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temperature, the contribution of nitrification to total uptake rates decreased in summer
months, likely as a result of competition with the Microcystis bloom and associated
heterotrophic bacteria. Non-N2 fixing cyanobacteria, including Microcystis, are
exceptional competitors for NH4+ in high nutrient environments (Blomqvist et al., 1994).
With a high saturation threshold and reported Km values from 26.5 µM to 37 µM (Baldia
et al., 2007; Nicklisch and Kohl 1983) in culture, and up to 112.9 µM in Taihu
populations (Yang et al., 2017), Microcystis should be able to outcompete nitrifiers at the
high ambient NH4+ concentrations in Taihu as nitrifiers may become saturated as much
lower concentrations. Additionally, Microcystis can regulate its buoyancy and scavenge
nutrients throughout the water column to effectively compete for light with other
phytoplankton (Brookes and Ganf, 2001).
Nitrification at Station 10 differed dramatically from other stations. Total
nitrification rates were, at times, orders of magnitude higher than at other stations. Also,
Station 10 did not follow the trend of decreasing nitrification contribution with the
bloom. Nitrification accounted for 19% of light uptake and 64.8% of dark uptake in June
and only 1.7% and 2%, respectively, in March. We speculate that Station 10 differs from
other stations because of the large nutrient and suspended particle loads from the
Dapugang River, the second largest inflow into the lake (Yan et al., 2011). Suspended
particles from sediments could trigger heterotrophic and anaerobic processes at Station
10, including reduction of NO3- to NO2- (Krausfeldt et al., 2017; Yao et al. 2016). In fact,
denitrification and anammox gene transcripts were observed recently in the water column
at Station 10 (Krausfeldt et al., 2017). These authors also speculated that the discharge of
suspended sediments from the river might play a role in coupling anaerobic and aerobic
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processes in the turbid water column, resulting in rapid cycling of reduced and oxidized
forms of N. Nitrification is the link between introduction of reduced N into the system
and the removal of N through denitrification. Therefore, the efficiency of nitrification is
crucial to the removal of N from this hypereutrophic lake.

2.4.3 Ammonia oxidizer abundance
AOB and AOA coexist in the environment, and environmental variables shape the
community structure. AOA often dominate in environments with low substrate
concentrations, such as the open ocean or oligotrophic lakes (Beman et al., 2008;
Bollmann et al., 2014; Newell et al., 2011), while AOB are often more abundant in
nutrient rich waters and soils (Hou et al., 2013; Jia and Conrad, 2009; Kowalchuk and
Stephen, 2001; Verhamme et al., 2011). This substrate concentration adaptation is
dictated by different physiological abilities to assimilate NH4+. Culture studies show that
AOA have a very high affinity (low half saturation constant; Km) for NH4+, and in general
are saturated faster than AOB (Martens-Habbena et al., 2009). The low half saturation
constant (Km = 0.132 µM; Martens-Habbena et al., 2009) of AOA gives them a
competitive advantage in low NH4+ conditions. In contrast, the high Km of AOB (10–
1000 µM) allows them to assimilate more NH4+ before becoming fully saturated, an
advantage for higher NH4+ concentration conditions. Although oligotrophic AOA appear
to proliferate in the environment (Francis et al., 2005), some species adapt to higher
substrate concentrations (Jung et al., 2011; Tourna et al., 2011).
Results from the amoA gene copy abundance analysis show that AOA were more
abundant than AOB across all stations and seasons in Taihu. Although this result does not
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support our original hypothesis, the results agree with previous studies in the water
column and sediments in Taihu (Zeng et al., 2012), which reported higher AOA
abundance (4.91 x 105 – 8.65 x 106 copies g-1 sediment) than AOB (3.74 x 104 – 3.86 x
105 copies g-1 sediment) in Meiliang Bay. Similarly, another Taihu sediment study
showed more AOA than AOB in sediments at all 20 investigated stations (Wu et al.,
2010).
The differences in abundance of AOO between stations, represented as
AOB:AOA, show spatial variability between the more nearshore and central lake stations
(Fig. 2.4b). In this study, AOA were more abundant in the central lake (Station 7),
whereas AOB were more abundant closer to shore. Due to a higher affinity for substrate
(lower Km), AOA are likely more competitive when nutrient concentrations are lower,
such as in the open lake (mean offshore NH4+ concentration = 3.69 µM). In contrast,
AOB, with higher Km, thrive at higher NH4+ concentrations at nearshore locations (mean
nearshore NH4+ concentration = 31.3 µM). These results agree with previous research in
Taihu, where AOA outnumbered AOB in sediments at mesotrophic sites, and AOB were
more abundant at hypereutrophic locations (Hou et al., 2013). Another study in Taihu
sediments also reported that both AOA abundance and AOA:AOB were negatively
correlated with ambient NH4+ concentration (Wu et al., 2010). However, the data reported
in this study show no significant relationship between AOA abundance and NH4+, NO2-,
and NO3- concentrations (Table 2.2).
Despite AOA outnumbering AOB, AOB abundance was correlated with total
nitrification rates for all stations and all seasons (p < 0.005), but AOA abundance was
not. This result agrees with a previous study in Taihu sediments, where AOA were
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negatively correlated (r = 0.53, p < 0.05) with potential nitrification rates (0 – 3.0 µg
NO3—N g-1 dry sediment; Hou et al., 2013). We speculate that AOA oxidized NH4+ at
lower rates due to oversaturation and inhibition and may not have contributed as much as
AOB to nitrification rates in our study. This conclusion was also reached in Plum Island
Sound (MA, USA), where abundance of archaeal amoA was higher than bacterial, but
potential nitrification rates did not correlate with AOA (Bernhard et al., 2010). The
authors hypothesized various scenarios, including inhibition of AOA due to high
substrate concentrations, competition for NH4+ with AOB, or AOA using an alternative
energy source (Bernhard et al., 2010). Our results support the interpretation that AOA are
at a disadvantage when competing with AOB for NH4+ in a hypereutrophic system and
most likely did not play a major role in observed nitrification in Taihu. Recent studies
show that AOA can oxidize cyanate (Palatinszky et al., 2015) and urea (Tolar et al.,
2016), although growth and oxidation rates may be slow. Therefore, AOA may play an
expanded role in Taihu, beyond just NH4+ oxidation.

2.4.4 Multiple regression model
The best-fitting multiple regression models for N dynamics in Taihu (Table 2.4)
supported the Kendall non-parametric analysis (Table 2.2). Ammonium uptake and
regeneration rates and nitrification were correlated with ambient NH4+, NO2-, and NO3concentrations. Additionally, the best-fitting models revealed that variables changing
with season had major influences on the models (Table 2.4). For example, uptake in the
light and dark and regeneration rates were positively influenced by temperature and DO
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and negatively by pH. However, the model for nitrification rates did not reveal that the
seasonal variables, such as temperature, played a major role in the model.
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Table 2.4.
Details of best-fitting multiple regression models determined by stepwise regression for environmental
parameters and geochemical rates in Lake Taihu. All rates, temperature, and ambient nutrient concentrations
were log-transformed prior to analysis.
Process
Variable
Parameter
Model
Std.
Adj.
Estimate
estimate
P
R2
F
P
Uptake Light
T
1.048
0.216
0.0001
0.643
10.3
9.14x10-6
DO
0.053
0.012
0.0002
pH
-0.320
0.054
0.0000
+
NH4
0.669
0.272
0.0213
Uptake Dark

T
DO
pH
NH4+
NO2NO3-

0.488
0.034
-0.187
0.579
-1.619
-0.098

0.121
0.007
0.031
0.153
0.660
0.034

0.0005
0.0000
0.0000
0.0008
0.0215
0.0086

0.745

16.1

1.66x10-7

Regeneration

T
DO
pH
NH4+
NO3-

0.321
0.025
-0.092
0.386
-0.061

0.098
0.005
0.024
0.126
0.027

0.0031
0.0003
0.0008
0.0053
0.0340

0.695

12.8

1.42x10-6

Nitrification

NO2-

3.262

1.226

0.0165

0.498

4.80

0.004
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2.5. Conclusions
This study highlights the importance of water column NH4+ regeneration in
providing a large proportion of the substrate necessary to sustain cyanoHABs. The results
also show that nitrification does not account for a large proportion of NH4+ demand
during cyanoHABs in Taihu. We showed that nitrification rates were detectable during
the bloom but decreased as the bloom progressed, suggesting that nitrifiers are weaker
competitors for substrate than Microcystis. Also, seasonal changes in light and dark NH4+
uptake and nitrification rates showed that AOO are outcompeted by Microcystis.
Extremely high nitrification rates at the river mouth (Station 10) differed from rates at
other stations, suggesting that other processes, such as coupled
nitrification/denitrification, might be important in suspended sediments. Previous studies
reported coupled denitrification with nitrification in sediments (McCarthy et al., 2007).
Functional gene analysis suggested that gene abundance does not necessarily reflect
performance of the function in eutrophic lakes. We speculate that AOA are present in the
lake but do not contribute proportionately to nitrification, suggesting that AOA might
play another role in the lake.
Ammonium inflow into the lake is a large source of reduced N, but external
inputs are not the sole source. Extrapolated whole-lake regeneration rates in the water
column were twice as high as external N loadings into the lake. To mitigate harmful algal
blooms, N loadings into the lake must be reduced so that N can be efficiently removed
through denitrification, instead of being recycled in the water column. Our results support
the recent calls for dual nutrient (N + P) management strategies (Paerl et al., 2011) and
highlight the importance of (chemically) reduced N removal through nitrification and
denitrification.
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Abstract
Sandusky Bay, Lake Erie, receives high nutrient loadings (nitrogen and phosphorus) from
the Sandusky River, which drains an agricultural watershed. Eutrophication and
cyanobacterial harmful algal blooms (cyanoHABs) persist throughout summer.
Planktothrix agardhii is the dominant bloom-forming species and the main producer of
microcystins in Sandusky Bay. Non-N2 fixing cyanobacteria, such as Planktothrix and
Microcystis, thrive on chemically reduced forms of nitrogen, such as ammonium (NH4+)
and urea. Ammonium regeneration and potential uptake rates and total microbial
community demand for NH4+ were quantified in Sandusky Bay. Potential NH4+ uptake
rates in the light increased from June to August at all stations. Dark uptake rates also
increased seasonally and, by the end of August, were on par with light uptake rates.
Regeneration rates followed a similar pattern and were significantly higher in August
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than June. Ammonium uptake kinetics during a Planktothrix-dominated bloom in
Sandusky Bay and a Microcystis-dominated bloom in Maumee Bay were also compared.
The highest half saturation constant (Km) in Sandusky Bay was measured in June and
decreased throughout the season. In contrast, Km values in Maumee Bay were lowest at
the beginning of summer and increased in October. A significant increase in Vmax in
Sandusky Bay was observed between July and the end of August, reflective of intense
competition for depleted NH4+. Metatranscriptome results from Sandusky Bay show a
shift from cyanophycin synthetase (luxury NH4+ uptake; cphA1) expression in early
summer to cyanophycinase (intracellular N mobilization; cphB/cphA2) expression in
August, supporting the interpretation that the microbial community is nitrogen-starved in
late summer. Combined, our results show that, in late summer, when nitrogen
concentrations are low, cyanoHABs in Sandusky Bay rely on regenerated NH4+ to
support growth and toxin production. Increased dark NH4+ uptake late in summer
suggests an important heterotrophic contribution to NH4+ depletion in the phycosphere.
Kinetic experiments in the two bays suggest a competitive advantage for Planktothrix
over Microcystis in Sandusky Bay due to its higher affinity for NH4+ at low
concentrations.
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3.1. Introduction
Lake Erie, the shallowest and most productive of the Laurentian Great Lakes,
provides key ecosystem services and supports an annual US$50 billion tourism, fisheries,
and boating industry (Watson et al., 2016). However, Lake Erie has been subjected to
eutrophication, habitat loss, impoundments, and introduction of invasive species. The
western basin of Lake Erie is particularly susceptible to eutrophication and
cyanobacterial harmful algal blooms (cyanoHABs), which have increased since the mid1990’s, threatening its ability to provide ecosystem services (Watson et al., 2016). In the
1960’s and 1970’s, cyanoHABs in Lake Erie consisted mostly of nitrogen (N) fixing taxa
(e.g., Dolichospermum, [formerly Anabaena], and Aphanizomenon). However, upon reeutrophication in the 1990’s, cyanoHABs shifted to mostly non-N2 fixing taxa (Steffen et
al., 2014; Watson et al., 2014; Chaffin et al., 2018). CyanoHABs in the western basin are
related to increased N and phosphorus (P) loadings from the Maumee River, which
carries runoff from a primarily agricultural watershed (Richards et al., 2010). In Maumee
Bay, non-diazotrophic Microcystis aeruginosa is the dominant bloom organism, a
common cyanoHAB species found globally (Havens et al., 2001; McCarthy et al., 2009;
Kurmayer et al., 2015). However, blooms in Sandusky Bay, east of the western basin, are
almost entirely attributed to the filamentous, non-N2 fixing Planktothrix agardhii (Davis
et al., 2015; Salk et al., 2018). P. agardhii has a wide distribution and is ubiquitous in
eutrophic lakes globally (Suda et al., 2002; Steffen et al., 2014; Kurmayer et al., 2015).
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Sandusky Bay is a shallow basin, formed from a drowned river mouth (mean
depth = 2.6 m; area = 162 km2) in the southern part of Lake Erie (Fig. 3.1; Conroy et al.,
2007). Sandusky Bay receives high N and P loadings from the Sandusky River, which
also flows through primarily agricultural areas (Conroy et al. 2007; Richards et al. 2010).
The residence time in Sandusky Bay can vary from 8 to 81 days (Salk et al., 2018) and is
similar to the residence time in Maumee Bay and the western basin (51 days; Millie et al.,
2009). Total N concentrations in the bay decrease as the summer bloom progresses,
starting with high concentrations of dissolved inorganic nitrogen (DIN) in June and July
(50–600 µM), followed by low (<5 µM) to undetectable DIN concentrations in August–
October, mainly due to a decrease in NO3- (Davis et al., 2015; Salk et al., 2018). These
low N concentrations by the end of summer, and elevated, albeit variable concentrations
of soluble reactive phosphorus (SRP; Davis et al., 2015; Salk et al., 2018), suggest
seasonal N limitation in Sandusky Bay. Nutrient addition experiments showed that both
bloom growth and microcystins (MC) production were stimulated by additions of
dissolved N, but not P, and that additions of both NH4+ + PO43- and urea + PO43- yielded
highest MC concentrations (Davis et al., 2015). High ambient N concentrations are
required for the production of microcystins, which contain 10 N atoms per microcystin
molecule (Davis et al., 2015; Gobler et al., 2016). Another study from Sandusky Bay also
showed growth stimulation by NH4+, NO3-, and urea, consistent with N limitation in the
system (Chaffin and Bridgeman, 2014). These results emphasize the importance of
chemically reduced N species during cyanoHABs (Glibert et al., 2016).
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Comprehensive phytoplankton community studies in Sandusky Bay show that P.
agardhii is the dominant species during the bloom season and the main producer of MC
(Rinta-Kanto and Wilhelm 2006; Conroy et al., 2007; Davis et al., 2015; Steffen et al.,
2015; Salk et al., 2018). P. agardhii may proliferate in these waters due to its tolerance to
a broad temperature range and acclimation to growth at low light intensity (Oberhaus et
al., 2007). The shallow depth of Sandusky Bay leads to suspended sediment particles that
create turbidity and low light conditions, where Planktothrix thrives (Scheffer 1997).
Additionally, Planktothrix is common in lakes with low bioavailable N and low N:P
(Rücker et al., 1997), conditions that prevail in Sandusky Bay in late summer. However,
these low N:P conditions are often caused by the cyanoHABs (e.g., Xie et al. 2003), and
this pattern of DIN depletion occurring after bloom initiation has been observed in
Sandusky Bay (Chaffin and Bridgeman, 2014; Davis et al., 2015; Salk et al., 2018). Once
low N:P conditions are established, P. agardhii has a low half-saturation constant (Km)
for NH4+ (Zevenboom and Mur 1981), and thus high substrate affinity, compared to other
non-diazotrophic cyanobacteria, e.g., Microcystis (Niklisch and Khol 1983). This high
affinity, along with high maximum uptake rates (Vmax; Zevenboom et al., 1980), makes
Planktothrix an excellent competitor for N substrate in low N conditions.
Non-diazotrophs, such as Microcystis and Planktothrix, are highly competitive for
chemically reduced N forms, such as NH4+ and urea (Blomqvist et al., 1994; Glibert et
al., 2016). NH4+ transport across the cell membrane, via ammonia transporters (amt
genes), and assimilation into biomass, via the glutamine synthetase pathway (gln genes),
are less energy intensive than for NO3- (Glibert et al., 2016). During high in situ DIN
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conditions, cyanobacteria can assimilate and store N intracellularly (luxury uptake) to use
when DIN is depleted. Cyanobacteria including, Planktothrix spp., are capable of
synthesizing cyanophycin granules as an N storage polymer (Van de Waal et al., 2010)
when N is bioavailable, and synthesis of cyanophycin is dependent on cyanophycin
synthetase, encoded by cphA1. Degradation of cyanophycin is a function encoded by
cphB, cyanophycinase, and is co-transcribed with another cyanophycinase gene, cphA2,
in the cphBA2 operon. Cyanophycinase mobilizes stored N when DIN in the water
column is depleted.
Due to high biological demand and fast turnover rates, NH4+ rarely accumulates
in the water column, resulting in low in situ concentrations. Thus, NH4+ dynamics and
turnover rates are important components of the aquatic N cycle and productivity in
eutrophic lakes affected by cyanoHABs. Regeneration of NH4+ contributes to internal
cycling and availability of NH4+ for assimilation (James et al., 2011; Paerl et al., 2011;
McCarthy et al., 2013). For example, rapid NH4+ turnover can fuel and sustain blooms,
despite low in situ NH4+ concentrations (Paerl et al., 2011; McCarthy et al., 2013;
Hampel et al., 2018). On the other hand, cyanobacteria must compete with other
organisms for NH4+; for example, nitrifiers are an important link between reduced N in
the water column and its subsequent removal through denitrification (An and Joye, 2001).
Studies that focus solely on monitoring static nutrient concentrations can miss important
aspects of nutrient and cyanoHAB dynamics. Therefore, spatio-temporal NH4+ cycling,
rather than in situ NH4+ concentration, can provide better insights into understanding the
dominance of non-N2 fixing cyanoHABs (Hampel et al., 2018).
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Little is known about NH4+ uptake and regeneration and the kinetics of NH4+
uptake during Planktothrix blooms. Light availability is likely not the only factor shaping
phytoplankton community structure in Sandusky Bay, since other shallow, turbid lakes
are dominated by Microcystis (e.g., Taihu Lake; Paerl et al., 2011) instead of
Planktothrix. The ability to compete for nutrients, or substrate affinity, likely plays an
important role in distinguishing between Microcystis blooms in western Lake Erie and
Planktothrix blooms in Sandusky Bay. The goals of this study were to: (1) quantify NH4+
regeneration and potential uptake dynamics and total microbial community demand for
NH4+ in Sandusky Bay during the summer bloom (June – August); and (2) compare the
kinetics of NH4+ uptake during a Planktothrix-dominated bloom in Sandusky Bay and a
Microcystis-dominated bloom in Maumee Bay. We hypothesized that NH4+ regeneration
and potential uptake rates would increase through the summer as in situ DIN is depleted
and the Planktothrix bloom becomes more N stressed. Based on previous literature on
NH4+ uptake kinetics for Microcystis (Nicklisch and Khol 1983) and Planktothrix
(Zevenboom and Mur 1981), we hypothesized that the Planktothrix-dominated bloom in
Sandusky Bay would have higher affinity for NH4+, representing a competitive advantage
at low NH4+ concentrations, than the Microcystis-dominated bloom in Maumee Bay.

3.2. Methods
3.2.1 Sample Collection
Water samples from Sandusky Bay were collected on five occasions during
summer 2017: June 5, June 26, July 31, August 14, and August 28. Surface water (top 20
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cm) for NH4+ dynamics experiments was collected in 3 L Nalgene bottles and stored in a
dark cooler until processing. All experiments were commenced within three hours of
sampling. Samples were collected from four stations: Ohio Department of Natural
Resources (ODNR) 4 and 6 in the inner part of the bay, ODNR 2 in the outer bay, and
Bells, located just outside the bay in Lake Erie (Fig. 3.1). Samples for in situ nutrient
analyses were filtered, with a 60 mL syringe, immediately in the field using 0.2 µm
Sterivex cartridge filters (Millipore) into 60 mL acid-washed polyethylene bottles, stored
in the dark on ice, and processed on the same day in the lab. Physico-chemical
parameters, including temperature and pH, were measured using a multi-parameter sonde
(YSI model 600 QS). Due to a malfunction in the dissolved oxygen (DO) probe on the
YSI, daily DO measurements, starting 28 June 2017, were generated using a Great Lakes
Observing System (GLOS) buoy located near ODNR 2 in Sandusky Bay. Water column
DO values from June 5 and 26 were measured with a sonde deployed in the eastern outer
bay (east of EC 1163; Fig. 3.1). Turbidity was measured using Secchi depth as a proxy.
Water for chlorophyll a (Chl a) analysis was collected in amber bottles and stored on ice
until return to the lab. Biomass was collected on the same day onto 0.2 µm polycarbonate
filters and stored at -20˚C until treated with 10 mL of 90% acetone for 24 h. Chl a
samples were analyzed with a Turner Designs Fluorometer (TD-700) using
manufacturer’s standards (Welschmeyer, 1994). Ambient nutrient analyses included
NH4+, NO2-, NO3-, soluble reactive phosphorus (SRP), and total phosphorus (TP) and was
performed at the National Center for Water Quality Research (NCWQR) at Heidelberg
University.
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Figure 3.1. Map of sampling locations in Sandusky Bay (41.46883; -82.85299) and
Maumee Bay (41.71516; -83.39496). The inset shows the location of the western basin
relative to the rest of Lake Erie.
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Water samples for kinetic experiments in Maumee Bay were collected on three
occasions from site WE6 (July 17, August 14, and October 10), and once from site MB18
(August 9; Fig. 3.1), which is across the shipping channel from, and in close proximity to,
WE6 (Fig. 3.1). Sampling at WE6 occurred in conjunction with NOAA Great Lakes
Environmental Research Laboratory (GLERL) weekly sampling, whereas sampling at
MB18 was conducted with Ohio State University Stone Laboratory personnel. Surface
water (top 1 m) was collected using a 5 L Niskin bottle into a 10 L polyethylene
cubitainer and stored in a dark cooler for transport to the lab. Samples for nutrient
analyses were immediately filtered in the field into 15 mL clear, polypropylene tubes
using 0.2 µm syringe filters (Nylon; Millipore), stored on ice in a dark cooler, and then
frozen at -20 ˚C until analysis. Nutrient analyses (NH4+, NO2-, NO3-, and orthophosphate
(OP)) were performed using a Lachat 8500 Quikchem nutrient analyzer (Hach). Note that
Sandusky Bay data, analyzed by the NCWQR at Heidelberg university, is reported as
SRP, whereas the Lachat used for Maumee Bay data measures OP. Chl a and
geochemical data (DO and temperature) from WE6 in Maumee Bay were accessed using
the NOAA GLERL annual data share and are single measurements for this station.
3.2.2 NH4+ dynamics
NH4+ uptake and regeneration experiments followed the protocol described in
Hampel et al., (2018). Briefly, 1 L of water from each station was amended with 98%
15NH

4Cl

(Isotec; final concentration added 8–32 µM based on bloom status; i.e., higher

concentrations during heavier blooms to prevent total substrate depletion during
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incubation), mixed thoroughly, and decanted into six 125 mL, clear Nalgene incubation
bottles (three light incubations and three dark). Initial samples were filtered through a 0.2
µm syringe filter, 12.5 mL into 15 mL clear, polypropylene tubes (for total NH4+
analysis) and 12 mL with no headspace into Exetainers (for 15NH4+ analysis). Dark
bottles were wrapped with aluminum foil and submerged with unwrapped light bottles
outside, submerged in water at near-ambient light and temperature for 18 h. After the
incubation period, final samples were collected as described for initial samples. Total
(14N +15N) NH4+ concentrations were analyzed using the Lachat nutrient analyzer. 15NH4+
concentrations were measured using membrane inlet mass spectrometry (MIMS; Kana et
al., 1994) combined with oxidation to N2 gas (OXMIMS; Yin et al. 2014). Samples for
15NH +
4

analysis were treated with 200 µl of hypobromite iodine solution (oxidizes 15NH4+

to 29/30N2) and immediately measured on the MIMS. 15NH4+ standards (from 0.1 to 100
µM) were analyzed at the beginning and the end of each sample run. 15NH4+
concentrations were determined using the line equation from the standard curve and total
15N

2

production (29N2 + 2 * 30N2; Yin et al., 2014).
Potential NH4+ uptake rates and actual regeneration rates were calculated using

the Blackburn/Caperon isotope dilution model (Blackburn, 1979; Caperon et al., 1979;
McCarthy et al., 2013). In this model, potential uptake is calculated from the depletion of
both 14NH4+ and 15NH4+ pools, and regeneration is measured from dilution of the total
NH4+ pool by regenerated 14NH4+ and is considered an actual rate (Gardner et al., 2017).
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3.2.3 Community Biological Ammonium Demand (CBAD)
CBAD is a conceptual model of internal NH4+ cycling proposed by Gardner et al.
(2017). CBAD is represented by the difference between measured potential NH4+ uptake
rates and actual regeneration rates during a bloom and reflects the net microbial
community demand for NH4+. Average values for CBAD in light and dark incubations
were calculated as:
CBAD = ([NH4+]0 – [NH4+]t) / t
where [NH4+]0 is total (14N+15N) NH4+ concentration at the initial time of incubation,
[NH4+]t is the total NH4+ concentration at the end of the incubation, and t is elapsed time
in hours.

3.2.4 Kinetic experiment
The Michaelis–Menten model (Caperon and Meyer, 1972; Martens-Habbena et
al., 2009) was used to explore the kinetics of NH4+ uptake during Planktothrix and
Microcystis blooms and investigate the dependence of uptake rate on substrate
concentrations. This model relates the reaction rate and substrate concentration following
the formula:
V0 = (Vmax [S]) / Km + [S]
Where Vmax is the maximum velocity of the reaction, S is the substrate concentration, and
Km is the substrate concentration at ½ Vmax.
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To investigate the competitive abilities of different cyanobacteria in different
parts of Lake Erie, water from Sandusky Bay and Maumee Bay was collected as
described above. Unfiltered surface water collected in the field was transported to the lab
and decanted into seven 125 mL, clear Nalgene bottles. One bottle was designated as a
control and received no 15N additions. The remaining bottles were amended with
increasing 15NH4+ concentrations ranging from 0.25 µM to 16 µM at 5–6 substrate levels
in Sandusky Bay and 4–5 in Maumee Bay. This range of concentrations was chosen
based on preliminary trials. The kinetic experiment followed the protocol for NH4+
dynamics described above. Bottles were incubated at in situ temperature and light for 5 h
on June 5, June 26, July 17, July 31, August 28, and October 10, 2017. On August 14,
incubation time was limited to 15 min due to rapid NH4+ depletion. Uptake rates were
calculated as above and plotted against spike concentrations using Kaleidagraph software
(version 4.5.3) to create the Michaelis–Menten curve. Additionally, the Michaelis–
Menten model was run in RStudio (version 1.1.383) with the drm package (version 0.5-8)
for combined regression and association models.

3.2.5 Metatranscriptomic analyses
Biomass (500 mL) from several dates (June 8, June 22, July 6, July 13, August
3, and August 31) during the summer 2015 bloom was collected in the field onto 0.2 µm
Sterivex cartridges, stored on dry ice, and placed in the -80 °C freezer until extractions.
RNA was extracted using the Mo Bio PowerWater Sterivex™ DNA Isolation Kit (now
available as Qiagen DNeasy® PowerWater® Sterivex™ Kit), with the alternate RNA
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Isolation protocol. Extracted RNA (3-5 µg per sample) was stored at -80 °C until it was
sent to HudsonAlpha Institute for Biotechnology (Huntsville, AL) for RNA sequencing,
where they were treated to reduce rRNA. The reads were single-end reads of 50 base
pairs. All samples were from outer Sandusky Bay site ODNR 1, except for the June 8
sample taken at outer bay station EC 1163.
The metatranscriptome reads were trimmed, underwent quality control (QC)
analysis, and then were assembled using the CLC Workbench software version 9.5.3
(Qiagen). The CLC Workbench 9.5.3 program removed failed sequences that did not pass
QC according to the default parameters. The remaining reads were assembled de novo
into contigs, then mapped back to assembled contigs using the reference genomes.
Aligned RNA transcripts (RNAseq) files were aligned to the following reference
genomes: Sulfurimonas denitrificans DSM 1251, Microcystis aeruginosa NIES843, Desulfovibrio magneticus RS-1, Desulfovibrio desulfuricans ND132 (Final JGI
assembly), Anabaena cylindrica PCC 7122, Aphanizomenon flos-aquae NIES81, Klebsiella pneumoniae 1158, and Burkholderia pseudomallei K96243. The reference
genomes were concatenated into a single reference library. An annotated genome of
Planktothrix agardhii from Sandusky Bay was obtained from Dr. Greg Dick at the
University of Michigan. These were selected to represent the different cyanobacteria and
N fixers present in metagenomic datasets obtained previously from Sandusky Bay.
The reference genomes were confirmed for the presence of cphA, cphB, amt,
glnA, and nifH genes by implementing a gene search on JGI IMG/M using the
aforementioned sequences plus Planktothrix agardhii NIVA CYA 126/8. The BLAST
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tool of the CLC Workbench program was used to search for the gene sequence from each
species of the reference genomes. Hits were obtained with outputs of % identity, Greatest
Hit Lengths, and E values for assessing relatedness of the genes. Each of these sequences
were then reconfirmed using the BLASTn and/or BLASTx function using the NCBI
database with the “dissimilar sequence” setting. The RNAseq files for each date and site
were filtered to find the corresponding Reads per Kilobase transcript per Million mapped
reads (RPKM) value for the gene in question.

3.2.6 Statistical analysis
All statistical analyses were performed using RStudio software (version 1.1.383).
Environmental data were checked for normality using the Shapiro–Wilk normality test.
Temperature and TP were the only normally distributed variables. To investigate
potential environmental drivers of NH4+ dynamics, a multivariate correlation analysis was
performed using the Spearman correlation method for nonparametric data. A p-value of <
0.05 was considered statistically significant.

3.3. Results
3.3.1 Environmental variables in Sandusky and Maumee Bays
Water temperature in Sandusky Bay ranged from 20.4 °C to 24.5 °C (Table 3.1).
DO concentrations ranged from 9.18 to 9.71 mg L-1 between June and August 14 and
decreased at the end of August (8.67 mg L-1). Chl a concentrations showed seasonal
variability, with greatest values at the end of June (mean = 75.2 ± 27.7 µg L-1) and in July
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(mean = 122 ± 74.5 µg L-1), and lower concentrations in August (mean = 44.0 ± 21.4 µg
L-1; p < 0.05). Chl a concentrations also varied spatially, with the Bells station in Lake
Erie ranging from 5.80 to 44.8 µg L-1, significantly lower than the ODNR stations (31.3 –
172 µg L-1; p < 0.05). Lowest Chl a concentrations at Bells corresponded with greatest
Secchi depths at this station (80 – 132 cm). At ODNR stations, within Sandusky Bay,
Secchi depths were 32 – 43 cm throughout the summer (not measured in July).
NH4+ concentrations in Sandusky Bay showed slight variation between June and
August 14 (mean = 2.63 ± 0.49 μM; Table 3.1) but decreased significantly by August 28
(mean = 1.02 ± 0.32 μM; p < 0.001). NO2- concentrations were below the detection limit
at all times except July 31 at all stations and August 14 at Bells (Table 3.1). NO3concentrations gradually decreased from 62.0 – 251 µM at the beginning of June to 0 –
1.43 µM in August. SRP concentrations were lowest in June (mean = 0.20 ± 0.09 µM)
and greater in August (0.50 ± 0.20 µM; Table 3.1).
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Table 3.1. Environmental parameters and nutrient concentrations in Sandusky Bay. Dissolved oxygen values
from June were measured with a sonde deployed in the eastern outer bay (east of EC 1163). Nutrient
concentrations were measured in triplicate within ± 10% error margin.
Dissolved
Secch
Date
Station
Temp
Oxygen
Chl a
NH4+
NO2NO3SRP
TP
i
-1
-1
(mg L ) (µg L ) (µM) (µM)
(µM) (µM)
(µM) (cm)
(°C)
June 5
ODNR 4
22.2
44.2
2.57 BDL** 243
0.28
3.44
38
ODNR 6
21.9
58.3
2.64
BDL
251
0.28
3.10
48
†
ODNR 2
21.7
9.18
48.1
2.43
BDL
101
0.13
3.03
38
Bells
ND*
5.8
2.57
BDL
62.1
0.13
2.50
ND
June 26
ODNR 4
21.5
107
2.57
BDL
33.6
0.25
9.69
32
ODNR 6
21.7
88.8
2.71
BDL
96.4
0.28
6.47
40
ODNR 2
21.5
9.29†
60.7
2.57
BDL
35.7
0.16
4.78
32
Bells
20.4
44.8
2.93
BDL
41.4
0.19
1.38
106
July 31
ODNR 4
23.5
167
3.36
2.14
58.6
0.50
4.91
ND
ODNR 6
23.6
172
2.14
4.29
77.1
0.25
4.09
ND
ODNR 2
24.2
9.71
136
2.57
2.86
69.3
0.31
3.47
ND
Bells
24.5
13.1
1.29
0.71
15.7
0.28
1.00
ND
August 14 ODNR 4
23.6
61.0
3.64
BDL
BDL
0.59
6.22
34
ODNR 6
23.5
59.4
2.71
BDL
BDL
0.47
6.22
44
ODNR 2
23.7
9.57
57.9
1.71
BDL
BDL
0.43
4.25
54
Bells
24.4
11.2
2.79
0.71
1.43
0.38
1.16
80
August 28 ODNR 4
22.3
56.7
0.71
BDL
BDL
0.88
7.81
30
ODNR 6
22.2
59.5
1.00
BDL
BDL
0.31
5.56
34
ODNR 2
22.7
8.67
31.3
1.36
BDL
1.43
0.31
4.78
38
Bells
23.1
14.9
0.86
BDL
0.71
0.31
1.53
132
*ND – not determined
**BDL – below the detection limit
†
Measured east of EC 1163
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Water temperature in Maumee Bay decreased from 23.9 °C – 25.1 °C in August to 20.7
°C in October (Table 3.2). DO peaked in mid-August (9.59 mg L-1) and was lower in July
(5.87 mg L-1) and October (5.72 mg L-1). Chl a increased from June (3.5 µg L-1) to
August (532 µg L-1) and decreased to 40.9 µg L-1 in October. Secchi depth was 50 cm in
October and 20 cm in August and June. Ambient NH4+ concentrations in Maumee Bay
were highest in July (6.29 ± 0.03 µM) and decreased to undetectable by October. NO2concentrations were highest in July (5.13 ± 0.02 µM) and decreased to 0.02 ± 0.001 µM
in October. A similar pattern was observed for NO3- concentrations, with highest values
in July (400 ± 0.9 µM) and lowest in October (0.40 ± 0.001 µM). OP was also highest in
July (4.32 ± 0.04 µM) and decreased to 0.17 ± 0.01 µM in October.
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Table 3.2. Environmental parameters and nutrient concentrations in Maumee Bay. Nutrient
concentrations were measured in triplicate within ± 10% error margin.
Dissolved
Date
Station Temp
Oxygen
Chl a
NH4+
NO2NO3OP
-1
-1
(mg L )
(µg L )
(µM) (µM) (µM) (µM)
(°C)
July 17
WE6
24.6
5.21
3.50
6.29
5.13
400
4.32
August 9
MB18
23.9
9.18
ND
0.99
1.51
96.5
0.16
August 14
WE6
25.1
10.7
532
0.33
1.46
122
0.53
October 10
WE6
20.7
6.00
40.9
BDL
0.02
0.40
0.17
*ND – not determined
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Secchi
(cm)
20
NM
20
50

3.3.2 Potential NH4+ uptake rates in Sandusky Bay
Potential NH4+ uptake rates in light incubations ranged from 0.06 to 3.12 µmol L-1
h-1 (Fig. 3.2A). Lower rates were consistently observed at Bells (mean = 0.16 ± 0.01
µmol L-1 h-1) versus ODNR stations (mean = 1.78 ± 0.18 µmol L-1 h-1; p < 0.005). Light
uptake rates at ODNR 4, 6, and 2 were not different from each other (p > 0.05). At all
stations, potential uptake rates in light incubations increased through the summer bloom,
with lowest rates in June (mean = 0.53 ± 0.08 µmol L-1 h-1), higher rates in July (mean =
1.00 ± 0.07 µmol L-1 h-1), and highest rates in August (mean = 1.99 ± 0.20 µmol L-1 h-1).
However, differences were only significant between June and August (p < 0.05). Light
NH4+ uptake rates were positively correlated to ambient SRP and TP concentrations and
Chl a (Spearman p < 0.005) and negatively correlated to ambient NO3- concentrations and
Secchi depth (Spearman p < 0.05; Table 3.3).
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Figure 3.2. Ammonium regeneration and potential uptake rates in Sandusky Bay in 2017.
Potential light uptake rates (A), potential dark uptake rates (B), and averaged
regeneration rates (C). Values are averaged (three replicates) with error bars showing ±
one standard error.
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Potential NH4+ uptake rates in dark incubations ranged from 0.02 to 3.00 µmol L-1 h-1
(Fig. 3.2B). Lowest dark uptake rates were observed at Bells (mean = 0.09 ± 0.01 µmol
L-1 h-1); however, the statistical significance of this difference from the ODNR stations
was marginal (p = 0.08). The three ODNR stations did not exhibit significant differences
in dark uptake (mean = 1.22 ± 0.04 µmol L-1 h-1; p > 0.5). Dark rates also increased
throughout the summer, with lowest rates in June (mean = 0.09 ± 0.01 µmol L-1 h-1),
higher rates in July (mean = 0.22 ± 0.01 µmol L-1 h-1), and highest rates in August (mean
= 1.72 ± 0.06 µmol L-1 h-1). Dark rates in August were statistically different from those in
June and July (p < 0.05). Dark uptake rates were positively correlated to SRP and TP
concentrations (Spearman p < 0.05) and negatively correlated to NO3- concentration
(Spearman p < 0.05; Table 3.3). Light and dark NH4+ uptake rates were statistically
different from each other only in July (p = 0.05), and neither were correlated to ambient
NH4+ concentrations.
3.3.3 Actual NH4+ regeneration rates in Sandusky Bay
NH4+ regeneration rates in light and dark incubations were not statistically
different, so they were averaged together (Fig. 3.2C). Averaged NH4+ regeneration rates
ranged from 0 to 1.54 µmol L-1 h-1. Regeneration rates at Bells (mean = 0.05 ± 0.01 µmol
L-1 h-1) were an order of magnitude lower than at ONDR stations (mean = 0.75 ± 0.10
µmol L-1 h-1; p < 0.05). NH4+ regeneration rates increased from June (mean = 0.23 ± 0.04
µmol L-1 h-1) to July (mean = 0.34 ± 0.04 µmol L-1 h-1) and August (0.87 ± 0.12 µmol L-1
h-1), and a statistical difference was observed between June and August (p = 0.05).
Regeneration rates were positively correlated to TP and Chl a concentrations (Spearman
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p < 0.05) and negatively correlated to NO3- concentration and Secchi depth (Spearman p
< 0.05).
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Table 3.3. Details of Spearman correlation analysis for nonparametric data for environmental parameters and
geochemical data in Sandusky Bay. Statistically significant (p < 0.05) Spearman’s Rho coefficients are bold
NH4+
NO2NO3SRP
TP
Temp
DO
Chl a
Uptake Light Spearman's Rho -0.162 -0.252 -0.561 0.524
0.874
-0.2
-0.4
0.597
p value
0.5
0.3
0.02
0.0
<0.001
0.5
0.2
0.01
Uptake Dark Spearman's Rho -0.283 -0.232
-0.64 0.493
0.766
-0.092 -0.132
0.464
p value
0.3
0.4
0.007
0.05
0.001
0.7
0.6
0.07
Regeneration Spearman's Rho -0.256 -0.298 -0.521 0.438
0.857
-0.228 -0.271
0.517
p value
0.3
0.3
0.04
0.09
<0.001
0.4
0.6
0.04

94

Secchi
-0.812
0.002
-0.493
0.1
-0.735
0.009

3.3.4 CBAD
CBAD followed a similar pattern as NH4+ uptake rates (Fig. 3.3A), increasing
from June (mean = 0.23 ± 0.01 µmol L-1 h-1) to August (mean = 1.07 ± 0.03 µmol L-1 h-1)
across all stations. Light CBAD values during the two sampling trips in August were
twice as high as the average of the other months (mean = 0.33 ± 0.01 µmol L-1 h-1).
Dark CBAD also increased over the summer (Fig. 3.3B), starting with negative
values (reflecting net NH4+ regeneration) in June. By the end of August, dark CBAD
(1.05 ± 0.02 µmol L-1 h-1) was as high as light CBAD (1.12 ± 0.03 µmol L-1 h-1). Light
and dark CBAD were lowest at Bells (0.10 ± 0.01 and 0.03 ± 0.01 µmol L-1 h-1,
respectively).
3.3.5 NH4+ uptake kinetics
Km values in Sandusky Bay were highest in June (Km = 8.7 µM; Fig. 3.4A) and
ranged from 1.4 to 1.8 µM in subsequent experiments. However, Vmax increased from
July to the end of August (1.52 to 27.1 µmol L-1 h-1, respectively).
Km values in Maumee Bay showed the opposite pattern than observed in Sandusky Bay
(Fig. 3.4B). Km values increased from July (Km = 0.32 µM) to the highest value in
October (Km = 8.52 µM). However, Vmax in Maumee Bay remained in a tight range from
0.20 to 0.53 µmol L-1 h-1 for all experiments.
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Figure 3.3. Community Biological Ammonium Demand (CBAD) in Sandusky Bay in
light (A) and dark (B). Values are averaged (three replicates) with error bars showing ±
one standard error.
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Figure 3.4. Michaelis-Menten NH4+ uptake kinetics in Sandusky Bay (A) and Maumee
Bay (B) in 2017. The Michaelis–Menten model fits for Sandusky Bay were: June 5 (r =
0.98), June 26 (r = 0.75), July 31 (r = 0.92), Aug 14 (r = 0.73), Aug 28 (r = 0.97), and
Maumee Bay model fits were: July 17 (r = 0.38), Aug 9 (r = 0.98), Aug 14 (r = 0.96), Oct
10 (r = 0.98).
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3.3.6 Metatranscriptomic analysis of N metabolism
During 2015, a series of Sandusky Bay metatranscriptomes obtained from June
8 to August 31 examined cphA, cphB, amt, glnA, and nifH gene expression in P. agardhii
during the onset of N limitation (Fig. 3.5). Planktothrix expressed two distinct cphA
genes, but at different times in the season corresponding to N availability. Planktothrix
has the cphBA operon and an independent cphA (Forchhammer and Bjorn, 2016). The
independent cphA (cphA1) was expressed when N was replete. cphA2 was expressed,
along with cphB, when N levels were low. No Microcystis cphA expressions were
detected.
In early summer, when NH4+ and NO3- concentrations were high (Fig. 3.5A, B)
due to riverine discharge following spring rains (Salk et al., 2018), cphA1 was highly
transcribed, suggesting luxury N storage via cyanophycin synthesis (Gupta and Carr
1981; Allen 1984; Forchhammer and Bjorn 2016). When NH4+ and NO3- were depleted
in late summer, no cphA1 expression was detected, and cphBA2 operon transcription was
activated (Fig. 3.5A), suggesting cyanophycin degradation (Richter et al., 1999; Ponndorf
et al., 2017) as an adaptation to N limitation. Reflecting the increased competition for N
was the expression of glnA in late summer, encoding glutamine synthetase, the high
affinity assimilation pathway for NH4+ (Reyes et al., 1997). Genes for NH4+ transporters
amt1 and amt3 were transcribed constitutively throughout the summer (Fig. 3.5B). Earlier
work documented the presence of a minor community of N-fixing cyanobacteria during
the Planktothrix-dominated bloom (Salk et al. 2018). 16S rRNA reads assigned to
Nostocales (predominantly Aphanizomenon spp. and Dolichospermum spp.) reached up
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to 25% of total cyanobacterial reads on a few occasions in 2015 before complete N
depletion (Fig. 3.5B), but Nostocales reads were usually very low.
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Figure 3.5. Metatranscriptome data and ambient NH4+ and NO3- concentrations in
Sandusky Bay in 2015. cphA1 and cphA2 are Planktothrix agardhii paralogs encoding
cyanophycin synthetase, cphB encodes cyanophycinase, and glnA and amt encode
glutamine synthetase and NH4+ transporters. Relative transcript abundance is presented as
reads per kilobase of transcript per million mapped reads (RPKM).
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3.4. Discussion
3.4.1 Potential NH4+ uptake and CBAD
Nutrient concentrations and NH4+ dynamics exhibited expected patterns during
the 2017 Planktothrix bloom in Sandusky Bay. After bloom initiation, DIN
concentrations in the bay decreased to low or undetectable levels (Table 3.1), with NO3often below detection, and detectable but low NH4+ concentrations. This pattern is
consistent with previous work in Sandusky Bay (Chaffin et al., 2018; Salk et al., 2018)
and suggests a high demand and competition for N in late summer. NH4+ uptake rates in
light incubations increased throughout the summer at all stations, with late August rates
approximately four times higher than those in June in the bay (ODNR 2, 4, and 6) and
five times greater outside of the bay at Bells (Fig. 3.2A). As expected, these light uptake
rates were correlated positively with Chl a (p < 0.005; Table 3.3), suggesting an increase
in photoautotrophic activity. At Bells, where Chl a was consistently below bloom
thresholds (< 20 µg L-1; Xu et al., 2015), NH4+ uptake rates (and CBAD) were
predictably lower than those at sites within Sandusky Bay. The NH4+ uptake rates
reported in this study for Sandusky Bay are consistent with those reported in other
freshwater, eutrophic, cyanoHAB-impacted lakes (Gu et al., 1997; Présing et al., 2001;
James et al., 2011; McCarthy et al., 2013; Hampel et al., 2018).
Light uptake rates reported in this study are an order of magnitude greater that
those reported recently in Sandusky Bay (Salk et al., 2018). In comparison with similarly
eutrophic systems, those rates were exceptionally low, indeed more comparable to those
measured in oligotrophic lakes (e.g., Suttle and Harrison 1988), including Lake Michigan
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in late winter and spring (Gardner et al., 2004). Stable isotope additions used in Salk et
al., (2018) were tracer-level (i.e., <10 % of the ambient DIN pool) and may have
underestimated NH4+ cycling rates due to complete substrate depletion before incubations
were ended (Paasche 1988). Substrate depletion is especially problematic in highly
productive systems, like Sandusky Bay; thus, we applied saturating-level stable isotope
amendments, which are better suited for highly dynamic, eutrophic systems with high
cyanobacterial biomass. Saturating additions of substrate can alter steady-state conditions
(Glibert et al., 1988); therefore, NH4+ uptake rates reported in this study are qualified as
potential rates, but results from saturating- and tracer-level isotope amendments tend to
converge in eutrophic systems with high ambient NH4+ concentrations (Glibert et al.,
1982).
Dark NH4+ uptake rates also increased with time at the bay stations and, to a
lesser extent, at Bells (Fig. 3.2B). By late August, dark NH4+ uptake rates were not
distinguishable from light uptake rates. Dark uptake rates in Sandusky Bay were higher
than those observed in other eutrophic lakes affected by cyanoHABs (James et al., 2011;
McCarthy et al., 2013; Hampel et al., 2018), suggesting an important role for
heterotrophic organisms. Some photoautotrophs can assimilate NH4+ in the dark under N
limiting conditions (e.g., Cochlan et al., 1991); however, our saturating-level 15NH4+
additions likely minimized this effect. Dark uptake rates were not correlated with Chl a
concentration (Table 3.3); thus, when NH4+ is scarce and competition for NH4+ is extreme
in late summer, heterotrophic partnerships with cyanobacteria in the phycosphere may
become important (Steffen et al., 2012).
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The phycosphere concept was introduced by Bell and Mitchel (1972) and is
analogous to the rhizosphere concept in soils. In mixed microbial assemblages,
heterotrophic bacteria can simultaneously regenerate and assimilate NH4+ (Tupas and
Koike, 1991). These bidirectional interactions have been studied in diatoms,
dinoflagellates, and other cyanobacteria (Amin et al., 2015; Lupette et al., 2016), yet little
is known about phycosphere interactions during cyanobacterial blooms. Phycosphere
interactions might play a key role in dynamic, eutrophic ecosystems, where competition
for nutrients is high, and microbial interactions in the water column are complex. For
example, NH4+ uptake by heterotrophic bacteria has been previously studied, mostly in
marine environments (Kirchman et al., 1990; Tupas and Koike, 1991). Heterotrophic
uptake of NH4+ in the light has been shown to increase with decreasing ambient
concentrations (Kirchman et al., 1990), suggesting that heterotrophic bacteria can
outcompete phytoplankton at low NH4+ concentrations. Our NH4+ cycling patterns
support these findings and suggest that Sandusky Bay exhibits similarly complex
microbial interactions between cyanobacteria and heterotrophic partners.
The CBAD model represents NH4+ dynamics and microbial productivity in N
depleted systems (Gardner et al., 2017), and thus is a useful metric to investigate NH4+
cycling in Sandusky Bay. CBAD reflects the demand of the entire microbial community,
including (light CBAD) and excluding photoautotrophs (dark CBAD; Gardner et al.,
2017), assuming that photoautotrophs were not active in dark incubations. Within the
bay, light CBAD followed the pattern of light uptake rates, with the largest increase
observed between July 31 and August 14. Dark CBAD was negative, reflecting net NH4+
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regeneration by the microbial community, or low in June and July (Fig. 3.3), indicating
that demand for NH4+ in the dark was largely met by the supply from regeneration
(Gardner et al., 2017). However, dark CBAD was not distinguishable from light CBAD
in August, concomitant with decreased chlorophyll, suggesting that the increased dark
CBAD reflects increased demand by non-photoautotrophs.
3.4.2 NH4+ Regeneration
NH4+ regeneration rates at ODNR 6, 4, and 2 followed the same general pattern as
uptake rates, with lowest values in June and highest in August. At these stations,
regeneration rates at the end of August were almost twice as high as those in June,
suggesting that N depletion by the bloom caused photoautotrophs to rely on regenerated
NH4+ from increased heterotrophic activity and bloom biomass remineralization to
support growth. While regeneration can supply substantial amount of NH4+, high biomass
creates a great demand for N in August. The proportion of uptake supported by
regeneration increased throughout the summer (Fig. 3.2C). In outer Sandusky Bay
(ODNR 2), regeneration could support 36 – 40% of potential light NH4+ uptake. This
proportion increased to 50% by the end of August, a pattern that is magnified in potential
importance considering the large increase in uptake rates from June to August. Increasing
dependence on regeneration corresponded with low ambient N concentrations in the bay,
further highlighting the important role of recycled NH4+ in supporting cyanoHAB growth
and bloom maintenance. Other cyanoHAB-impacted lakes exhibit similar patterns of
dependence on NH4+ regenerated in the water column, including Lake Taihu (Paerl et al.
2011; Hampel et al., 2018), Lake Balaton (Présing et al., 2001), Lake Biwa (Haga et al.,
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1995; Takahashi et al., 1995), and Missisquoi Bay, Lake Champlain (McCarthy et al.
2013).
To compare regenerated NH4+ rates in the water column to external N loading, we
extrapolated average NH4+ regeneration rates from ODNR 6, 4, and 2 to the whole-bay
volume (0.423 km3; Conroy et al., 2007). Daily Sandusky River flow data and total N
(TN) and total Kjeldahl N (TKN; TN = TKN + NO3- + NO2-) concentrations from 2017
were obtained from the NCWQR (https://ncwqr.org) and used to calculate daily and
annual external N loading. Annual TN loading from the Sandusky River (October 2016 –
September 2017; the NCWQR database was not updated beyond September 2017 as of
manuscript preparation) introduced 8.58 × 103 metric tons of N into the bay during this
12 month period. Average summer regeneration from our incubations (June–August
2017) recycled 6.6 × 103 metric tons of N as NH4+. In just the three summer months
evaluated, regeneration in the water column provided bioavailable N for primary
production at the level equivalent to ~77 ± 7% of the annual N load.
When extrapolated to the whole bay volume, daily NH4+ regeneration exceeded
daily TN loading at all sampling events (Table 3.4). During the week of June 5,
regeneration contributed 2–5 times more N than the Sandusky River. During the week of
July 31, regeneration provided 25–53 times more N than the river and, by the end of
August, over 1000 times more N than the river (Table 3.4). While the contribution of
regeneration increased throughout the summer, TN and TKN loading from the river
decreased along with discharge. However, the proportion of TKN to TN in Sandusky
River loading increased from 13.2 % at the beginning of June to 91.9% by the end of
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August (Table 3.4), highlighting the importance of considering N forms and potential
bioavailability in external loading.
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Table 3.4. Comparison of Sandusky River N loading (weekly ranges and weekly averages; mT = metric ton) to NH4+
regeneration (station range and average for ODNR 2, 4, 6) in the summer of 2017.
Sampling
Date
June 5th
July 31st
August 14th
August 28th

TN loadw
(mT d-1)
7.8–55.6
0.9–3.1
0.17–0.40
0.11–0.19

TN loada
(mT d-1)
21.1
1.73
0.257
0.167

TKN loadw
(mT d-1)
0.3–2.46
0.29–1.05
0.16–0.23
0.11–0.17

TKN loada
Reg. NH4+d
(mT d-1) TKN/TNa
(mT)
1.23
0.132
25.3–64.9
0.54
0.318
39.7–84.9
0.194
0.840
99.8–141
0.145
0.919
186–218

w –weekly range
a – weekly average
d – station range for sampling on date
s – station average for sampling on date
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Reg. NH4+s
(mT)
40.7
65.2
123
199

Reg./TNw Reg./TKNw
1.9
33.0
37.7
121
478
633
1190
1375

This exercise exemplifies the critical role of internally recycled NH4+ during
summer in sustaining the Planktothrix bloom, especially when ambient N was depleted.
The large mass of internally recycled NH4+, driven by high external N loads from the
watershed, is critical information for resource managers and regulators, who often base
management decisions on ecosystem models that do not sufficiently consider the effects
of internal N dynamics on eutrophication issues. Monitoring nutrient concentrations in
eutrophic systems, while valuable, does not provide a sufficient characterization of these
nutrient dynamics. High microbial demand and turnover rates can cause highly
bioavailable nutrients, such as NH4+, to be undetectable or measured at low
concentrations, even though their recycling rates are largely supporting system
productivity at critical times (McCarthy et al., 2013).
3.4.3 NH4+ uptake kinetics
Kinetic NH4+ uptake experiments in Sandusky and Maumee Bays exhibited
opposite patterns, suggesting that these microbial communities were distinctive (Fig. 3.4).
Km is often used to represent the affinity of a microbe for a substrate. Microbes with a
low Km have a competitive advantage at low nutrient concentrations and are excellent
scavengers (Martens-Habbena et al., 2009). However, microbes with a high Km thrive at
high substrate concentrations and can assimilate more substrate before reaching
saturation. With different Km values, microbes can fill different niches in the environment
to maximize their competitive abilities.
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In Sandusky Bay (Planktothrix-dominated community; Davis et al., 2015; Salk et
al., 2018), the highest Km was observed in June, and it then decreased and stabilized
throughout July and August. While Km remained relatively constant in July and August,
we observed a dramatic, significant increase in Vmax from the end of July (Vmax = 1.52
µmol L-1 h-1) through August (Vmax = 27.1 µmol L-1 h-1), which reflects strong
competition for depleted NH4+. The increase in Vmax corresponded to significant
increases in dark NH4+ uptake rates between the end of July and through August (Fig.
3.2). When NH4+ availability in the water column is low, dead and dying cells may be
rapidly remineralized in the phycosphere, which may help explain increased
heterotrophic activity (e.g., Gardner and Lee 1975). The constant and relatively low Km
of the late summer, Planktothrix–dominated community illustrates the strong affinity for
NH4+ during N limited conditions. Km values reported for NH4+ in Planktothrix are
lacking both in culture and natural environments. One study investigated NH4+ uptake
kinetics in chemostats under NO3- limitation and reported Km values of 8 ± 3 µM
(Zevenboom and Mur, 1981), which are comparable to our values from June, but higher
than those from late summer.
In contrast, Km values in Maumee Bay increased from July (0.32 µM) to August
(3.53 µM) and October (8.52 µM). This pattern may reflect the rapid increase in
Microcystis-dominated cyanoHABs in Maumee Bay commonly observed in August and
lasting into October (Steffen et al., 2014). Unlike Sandusky Bay, Vmax in Maumee Bay
was consistent (0.20–0.53 µmol L-1 h-1), perhaps suggesting that competition for NH4+ in
Maumee Bay was less intense than in Sandusky Bay. The Maumee River watershed
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(21,540 km2) is 4.5 times larger than the Sandusky River watershed (4,727 km2), and,
accordingly, the Maumee River supplied 66.8 metric tons of TN to western Lake Erie in
August 2017, while the Sandusky River supplied 13.2 metric tons of TN to Sandusky Bay
(NCWQR). DIN concentrations in 2017 were very low in Sandusky Bay from August
through late summer (Table 3.1), but DIN concentrations were still high (> 100 µM,
mostly comprised of NO3-) in Maumee Bay in August (Table 3.2). Thus, while DIN in
Sandusky Bay was scarce, Microcystis was not as substrate limited, perhaps affecting
measured Km and Vmax values. Additionally, light and dark NH4+ uptake (0.125 and 0.058
µmol L-1 h-1, respectively) and regeneration rates (0.162 µmol L-1 h-1) at MB18 in August
were 10–20 times lower than those in Sandusky Bay (Hampel et al., unpublished data).
These results support the hypothesis that substrate competition was not as extreme in
Maumee Bay as in Sandusky Bay.
The reported range of Microcystis Km values is broad, including values up to 37
µM in culture (Niklish and Khol 1983) and 113 µM in hypereutrophic Lake Taihu (Yang
et al., 2017). Thus, Microcystis can assimilate substantial amounts of NH4+ before
becoming saturated. Overall, the results of this kinetic comparison suggest that, during
the peak of a summer bloom when NH4+ was depleted, Planktothrix had a competitive
advantage in its high affinity for NH4+, while N conditions in larger Maumee Bay
allowed for less competition for substrate in the Microcystis-dominated community.
3.4.4 Metatranscriptome
The transcriptional data in this paper address gene expression for N assimilation
and storage functions within an active bloom. The data differ from what is observed in
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pure cultures of model cyanobacteria. Studies with Dolichospermum (Anabaena) and
Synechocystis reveal cyanophycin synthesis during decreases in N, and amendment of Nstarved cyanobacteria with exogenous NH4+ resulted in accumulation of cyanophycin
(Mackerras et al., 1990). Cyanophycin is also responsive to shifts in light and nutrients
(Allen, 1984; Van de Waal et al., 2010). It is unclear how these other factors may
influence cphA1 and cphBA2 expression, but the pattern observed in Sandusky Bay
suggests that cyanophycin synthesis and degradation is a strategy for Planktothrix
success in a system prone to strong shifts in N availability. The expression of glnA, under
the control of ntcA, a transcriptional activator and sensor of intracellular C:N ratios (Zhao
et al., 2010), is also consistent with the observed declines in N concentrations. The amt
expression is present across the sampling season and consistent with N supply from
regeneration.
Patterns of N depletion in the summer and sustained Planktothrix blooms are
well-documented in Sandusky Bay (Davis et al., 2015; Chaffin et al., 2018; Salk et al.,
2018). The community composition in the present study resembled that of all prior years
sampled: Planktothrix-dominated, with a minor fraction (5–20% of 16S rRNA reads) of
N fixing cyanobacteria (Salk et al., 2018). While the field study described here was
completed in 2017, metatranscriptomic data from 2015 can help elucidate genetic
mechanisms for physiological processes underlying Planktothrix success in an N limited
system. Early in the summer, when ambient bioavailable N concentrations were greater,
genes for synthesis of the N-rich compound cyanophycin were transcribed, suggesting
luxury uptake and N storage, as demonstrated in laboratory studies (Van de Waal et al.,
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2010). As ambient N was depleted late in the summer, the cyanophycinase gene was
transcribed, mobilizing stored N from an intracellular pool to help meet metabolic N
requirements. Concurrently, glnA, transcribed following N depletion, and constitutive
amt transcription reveal active mechanisms to acquire extracellular NH4+. Together, these
mechanisms of luxury uptake during N replete conditions, and high affinity NH4+
transport throughout the bloom, contribute to Planktothrix dominance as N is depleted in
summer.
Despite the dominance of Planktothrix in Sandusky Bay for most of the bloom
season, both cyanobacterial N-fixation (Salk et al., 2018) and nif transcription were
detected as N concentrations decreased, supporting the interpretation from NH4+
dynamics and transcriptomic results that the cyanobacterial community evolved to N
limitation over the course of the bloom season.
3.5. Conclusions
The results presented in this study highlight the dynamic nature of eutrophic
Sandusky Bay during the Planktothrix bloom. Specifically, we emphasize the importance
of internal NH4+ regeneration in sustaining summer non-N2 fixing CyanoHABs, and
likely influencing their toxicity as well (Davis et al., 2015). Internal NH4+ cycling and
rapid NH4+ turnover rates should be considered in ecosystem models used to inform
nutrient management strategies, which should incorporate dual nutrient management (N
and P) efforts to prevent and mitigate non-N2 fixing cyanoHABs in eutrophic lakes.
Monitoring NH4+ turnover rates, rather than focusing solely on ambient nutrient
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monitoring, can improve our understanding of the aquatic N cycle in eutrophic lakes
affected by cyanoHABs and how regeneration contributes to sustaining cyanoHABs.
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Abstract
Lacustrine and coastal systems are vulnerable to the increasing number and intensity of
tropical storms driven by climate change. Strong winds associated with tropical storms
can mobilize nutrients in sediments and alter nitrogen and phosphorus cycling, leading to
amplification of preexisting conditions, such as eutrophication and cyanobacterial blooms
(cyanoHABs). In 2016, Florida declared a State of Emergency within and downstream of
Lake Okeechobee (LO) due to toxic cyanobacterial blooms (primarily Microcystis). The
blooms originated in LO, but flood control measures released water from LO to the
brackish St. Lucie Estuary (SLE). In September 2017, Hurricane Irma traversed the
Florida peninsula with sustained winds exceeding 160 km h-1, generating torrential rains
over the watershed. We quantified ammonium (NH4+) regeneration and potential uptake
rates, and Microcystis toxin gene (mcyD) abundance in LO and SLE during the massive
bloom in July 2016, the bloom in August 2017 (two weeks before Irma), and 10 days
after Hurricane Irma landfall. In 2016, cyanoHABs were present in both LO and SLE,
and potential NH4+ uptake rates were high in both systems. In 2017, the bloom was
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constrained to LO, and potential NH4+ uptake rates in LO exceeded those in SLE, and
mcyD gene abundance was greater in LO than SLE. Post Hurricane Irma, potential NH4+
uptake rates decreased significantly in LO and SLE, while mcyD gene abundance
decreased in LO and increased slightly in SLE. Average NH4+ regeneration rates could
support 25–40% of water column potential NH4+ demand in the lake and, when
extrapolated to the entire LO water column, exceeded external nitrogen loading. These
results emphasize the importance of internal NH4+ recycling for bloom expansion and
toxicity in the lake and downstream estuaries. In 2018, the cyanobacterial bloom in the
Okeechobee region was one of the largest recorded and is presumed to be driven by the
aftermath of Hurricane Irma. Large-scale blooms have also been observed in SLE, likely
due to LO flushing and decreased salinity post hurricane. Thus, results from this study
support predictions that increased frequency and strength of tropical storms will lead to
more intense blooms in aquatic systems.
4.1. Introduction
Anthropogenically-driven climate change has major effects on aquatic systems
globally. Additionally, anthropogenic alterations to the nitrogen (N) cycle via synthetic
fertilizer production (Haber-Bosch process) have quadrupled the amounts of chemically
reduced N in the last 60 years (Erisman et al., 2015). Together, increased N runoff and
climate change contribute to eutrophication and cyanobacterial harmful algal blooms
(cyanoHABs; Glibert et al., 2015; Paerl et al., 2016) in freshwater and coastal systems.
Internal loading of N and phosphorus (P) from sediments and recycling processes within
the water column can enhance cyanoHABs (Havens et al., 2000; McCarthy et al., 2007,
2016), especially in shallow lakes (Havens et al., 2001; James et al., 2009; Moss et al.
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2003; Jeppesen et al., 2007). However, external nutrient loading from non-point
agricultural runoff and point sources is the major driver of internal nutrient
loading/recycling and cyanoHABs in eutrophic lakes (Huisman et al., 2018).
Lake Okeechobee in southern Florida is a large (1800 km2), shallow lake (mean
depth = 2.7 m) and has experienced cyanoHABs for decades (Havens et al., 1994). The
St. Lucie Estuary (SLE) is subjected to high freshwater and nutrient inputs from Lake
Okeechobee through the South Fork of the estuary and Indian River Lagoon. Lake
Okeechobee and the SLE receive high external N and P loads from agricultural runoff
and anthropogenic activities (James et al., 2011; Phlips et al., 2012), and recent toxic
cyanoHABs have been well documented in both systems (e.g., Phlips et al., 2012;
Kramer et al., 2018). In 2016, a large, toxic cyanobacterial bloom occurred in Lake
Okeechobee and SLE, leading to a State of Emergency declaration in Florida (Kramer et
al., 2018). Increased rainfall in 2016, corresponding with an El Niño event, led to
increased N concentrations in the water column and decreased salinity in the estuary,
conditions ideal for development of a Microcystis bloom (Kramer et al., 2018).
Environmental degradation in SLE (e.g., cyanoHABs, fecal bacteria, degradation of
nearshore reefs) have also been attributed to on-site sewage disposal systems (septic
tanks; Lapointe et al., 2012; 2017) that have led to nutrient enrichment and microbial
contamination (Lapointe et al., 2017).
Eutrophication management efforts in Lake Okeechobee included 40% reductions
of P and efforts to decrease N loads to the lake by reducing inflow from the Everglades
Agricultural Area (James et al., 2011). However, non-point source pollution remains a
problem in the Lake Okeechobee watershed, and concerns about water-level and flood
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control management activities persist (Kramer et al., 2018). Phytoplankton community
composition in Lake Okeechobee has shifted from N-fixing to non-N fixing taxa
(Microcystis) in recent years (Havens et al., 2000; Zhang et al., 2009). Microcystis
aeruginosa is a toxin-producing cyanobacteria and a strong competitor for chemically
reduced forms of N (Blomqvist et al., 1994; Yang et al., 2017; Hampel et al., 2018).
Microcystin (MC), synthesized by Microcystis and other cyanobacteria, is a potent
hepatotoxin and is N-rich (10 N atoms per molecule; Gobler et al., 2016). In fact, reduced
forms of N (such as ammonium and urea) yield higher production of MC (Monchamp et
al., 2014; Davis et al., 2015; Harke et al., 2015). Ammonium (NH4+) is the preferred
source of N for most primary producers, including non-N-fixing cyanobacteria
(Blomqvist et al., 1994; Beversdorf et al., 2015). Thus, internal cycling of NH4+ is of
particular importance in lakes affected by non-diazotrophic cyanoHABs , and internal
NH4+ regeneration often sustains late summer blooms (Paerl et al., 2011; McCarthy et al.,
2013; Hampel et al., 2019). NH4+ turnover rates in Lake Okeechobee are rapid, while
ambient NH4+ concentrations are generally low, suggesting that NH4+ is in high demand
(McCarthy et al., 2009; James et al., 2011). Large discrepancies have been observed
between inflow and outflow N in previous mass balance studies for Lake Okeechobee,
suggesting that internal N cycling processes play a critical role (Havens et al., 2001).
Current climate change models forecast increased severity of extreme weather
events, including hurricanes and typhoons (Bender et al., 2010; Knutson et al., 2010;
Paerl et al., 2018). Hurricane events increase rainfall in affected areas, leading to higher
runoff and nutrient concentrations (Havens et al. 2001; James et al. 2008). Strong winds
associated with tropical storms also enhance eutrophication by mobilizing nutrients in
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sediments via resuspension (Ding et al. 2012; Havens et al. 2001; James et al. 2008).
Previous studies in Lake Okeechobee reported doubled to quadrupled concentrations of
total N (TN) and total phosphorus (TP), along with major increases in soluble reactive
phosphorus (SRP), NH4+, and other forms of N, after hurricanes (Ding et al. 2012; James
et al. 2008). Increased nutrient availability after these events leads to amplified
productivity, biomass, and chlorophyll levels (Fogel et al. 1999; Paerl et al. 2001).
The objectives of this study were to (1) quantify water column NH4+ dynamics
during a severe 124yanoHABs in 2016 that affected both Lake Okeechobee and the St.
Lucie Estuary and (2) compare those rates to those from 2017, when the 124yanoHABs
was restricted to Lake Okeechobee. We also aimed to (3) quantify these rates within two
weeks after a major hurricane in September 2017 to examine post-hurricane NH4+ cycling
rates in both the lake and estuary. Finally, we (4) quantified MC synthetase gene (mcyD)
abundance before and after the hurricane to investigate the effects of hurricane passage
on MC producing cyanobacteria. We hypothesized that NH4+ cycling rates in Lake
Okeechobee would be higher during the large bloom in 2016 than in 2017 during the
smaller bloom. We also hypothesized that NH4+ uptake and regeneration rates in the
estuary in 2016 would decrease along the salinity gradient and be higher than in 2017.
Lastly, we anticipated that the hurricane would have a major effect on NH4+ cycling and
Microcystis in both systems, and that regeneration rates would increase post disturbance,
while uptake rates and abundance of MC synthetase would decrease.

4.2. Methods
4.2.2 Sample Collection
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Lake Okeechobee (LO) and St. Lucie Estuary (SLE) water samples were collected
on three occasions: July 25–27, 2016; August 22–24, 2017; and September 20–21, 2017.
Sampling in July 2016 followed a major cyanobacterial bloom in LO that extended into
SLE and reached the Atlantic Ocean (Kramer et al., 2018). The August 2017 sampling
occurred shortly before Hurricane Irma passed over the lake as a Category 3 hurricane
(sustained winds 178-208 km h-1 at landfall near Marco Island) on September 10. The
September 2017 sampling occurred 10 days after Hurricane Irma passed through central
Florida and the Okeechobee region.
In July 2016, sampling was conducted at two stations in LO and four stations in
SLE; L004 at surface and bottom water depths, LZ40 at surface and bottom water depths,
SLE80, SLE2, SLE4, and SLE8 (all SLE sampling was surface water; Fig. 4.1). L004 is
located in eastern LO, ~8.5 km from the St. Lucie Canal, and LZ40 is in the center of the
lake. Stations in SLE followed a salinity gradient (Table 4.2), with SLE80 closest to the
canal discharge lock (S308; Fig. 4.1), and SLE8 closest to the Atlantic Ocean. In August
2017, due to poor weather, only L004 (surface and bottom) and a northern LO station
(SAV 165, surface water only) were sampled. Similarly, SLE stations (SLE7, SLE5, and
SLE80) could only be sampled from land due to poor weather conditions. In September
2017, stations SLE5 and SLE7 were sampled in SLE, and stations L004 (surface), LZ40
(surface), and LOBG in southeastern LO were sampled (Fig 4.1).
Water for in situ nutrient analyses was filtered in the field using 0.2 µm syringe
filters into 15 ml polypropylene tubes and frozen upon return to the laboratory.
Geophysical parameters (temperature, dissolved oxygen, pH, salinity, and conductivity)
were measured using a YSI multi-parameter sonde in July 2016 and August 2017 and a
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Manta 2 sonde (Eureka Waterprobes) in September 2017. Water for NH4+ dynamics
experiments was collected into sample-rinsed 6 L cubitainers and returned to the within 3
hours lab for incubations.
Samples for chlorophyll a (chl a), TN, and TP analyses were collected and
analyzed by South Florida Water Management District (SFWMD) according to standard
USEPA methods (e.g., as described in SFWMD, 2002). Dissolved nutrient analyses
included NH4+, NO2-, NO3-, orthophosphate (OP), and urea and were analyzed using a
Lachat Quikchem 8500 FIA nutrient analyzer according to the manufacturer’s
instructions.
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Figure 4.1. Map of sampling locations in Lake Okeechobee and St. Lucie Estuary during
2016 and 2017 sampling events. The inset shows the South Fork of St. Lucie Estuary.
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4.2.3 NH4+ regeneration and potential uptake
Water column NH4+ regeneration and potential uptake experiments followed the
protocol described in Hampel et al., (2018) with modifications for 15N analysis. Briefly, 1
L of water collected at each station was amended with 98% 15NH4Cl (Isotec; final
concentration added: 16 µM for all stations except SAV165 = 32 µM). Amended water
was mixed thoroughly and decanted into six, 125 ml clear polystyrene Nalgene bottles
(triplicates for light and dark incubations). Initial samples were filtered (0.2 µm syringe
filter) immediately after spiking (T0) into 15 ml clear, polypropylene tubes (for total
NH4+) and 12 ml gas-tight exetainers (for 15N analysis). Dark incubation bottles were
wrapped in aluminum foil, and all samples were placed in a standard lab incubator (also
used for algal cultures), at near-ambient temperature and set to the appropriate diurnal
light cycle, for 20 h. After incubation, final samples (Tf) were processed as described for
the T0 samples. Total NH4+ (14+15N) concentrations were determined using the Lachat
Quikchem 8500 FIA nutrient analyzer, and 15NH4+ concentrations were determined using
the OX-MIMS method, combining membrane inlet mass spectrometry (MIMS; Kana et
al., 1994) with NH4+ reduction to N2 gas (Yin et al., 2014). Samples for OX-MIMS were
treated with 200 µl of hypobromite iodine solution and immediately measured on the
MIMS. 15NH4+ concentrations were determined using the line equation from the standard
curve (0.1–100 µM 15NH4+) and total 15N2 production (Yin et al., 2014). Potential uptake
and actual regeneration rates were calculated using the Blackburn/Caperon model
(Blackburn 1979; Caperon et al., 1979). Volumetric NH4+ uptake rates (light and dark),
but not regeneration rates (actual rates; Gardner et al. 2017), reported in this study are
qualified as potential rates due to saturating additions of substrate, which can alter steady-
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state conditions (Glibert et al., 1988). However, in eutrophic systems, results from
saturating- and tracer-level isotope additions tend to converge (Glibert et al., 1988).

4.2.4 DNA collection and extraction
Environmental DNA for gene abundance analysis was collected in August and
September 2017 using 0.2 µm Sterivex filters (EMD Millipore, MA, USA) and preserved
with Ambion RNAlater (Invitrogen, Carlsbad, CA, USA). In August, approximately 120–
240 ml of water was pushed through a Sterivex filter. However, due to highly turbid
waters after the hurricane in September, only 45–60 ml of water were filtered for stations
L004, LZ40, and SLE, and 300 ml for station LOBG. Preserved filters were frozen at -80
˚C. DNA was extracted using the Gentra PureGene kit (Qiagen Inc., USA). Residual
RNAlater in the Sterivex filters was removed by pushing 10 ml of Phosphate Buffer
Saline 1X Solution (Fisher BioReagents, USA) through the filter. Lysis buffer (0.9 ml)
and Proteinase K (10 µl) were added to the filters, followed by 1 h incubation at 55 °C
and 1 h incubation at 65 °C (Newell et al., 2011). Concentration and purity of extracted
DNA were measured spectrophotometrically (Nanodrop 2000, ThermoScientific).

4.2.5 qPCR analysis
The MC synthetase gene was amplified using the mcyD-F2 and mcyD-R2
primers, targeting a 298 bp region of the mcy operon (Kaebernick 2000). qPCR standards
were prepared by cloning the fragment of interest with the TOPO TA Cloning Kit
(Invitrogen, USA) and inserting it into a competent cell (One Shot E. coli cells,
Invitrogen, USA). The plasmid containing the mcyD gene was isolated using the
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UltraClean Standard Mini Plasmid Prep Kit (Mo Bio Laboratories Inc., Carlsbad, CA,
USA). The qPCR run included three negative controls (no template), triplicates of five
standards generated from serial dilution, and the environmental DNA samples in
triplicate. Each sample and standard received 10 µl of Luna qPCR Master Mix (New
England Biolabs, USA), 1 µl of each 10 µM primer, and 20–30 ng of template DNA.
qPCR protocol followed a method modified from Davis et al. (2009) for mcyD
(95 °C initial denaturation for 2 min, 95 °C denaturation for 15 sec, 50 °C annealing for 1
min, and 60 °C extension for 1 min; 45 cycles) followed by the melting curve. Automatic
settings for the thermocycler (Realplex, Eppendorf) were used to determine the threshold
cycle (Ct values), efficiency (98%), and a standard curve with R2 values of 0.99. mcyD
gene copies were calculated as (ng * number mol -1)/ (bp * ng g-1 * g mol-1 of bp) and is
reported in gene copies ml-1 of sample water.

4.2.6 Statistical analysis
All statistical analyses were performed using Rstudio software (version 1.1.383).
Environmental data were checked for normality using the Shapiro–Wilk normality test.
The correlation table was constructed using the Kendall correlation method for nonparametric data. A p value < 0.05 was considered statistically significant.

4.3. Results
4.3.1 Environmental Data
Lake Okeechobee
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Environmental variables in Lake Okeechobee varied between sampling events,
with only temperature remaining stable (Table 4.1). DO was highest in July 2016 (10.9 ±
1.05 mg L-1) and lowest following the hurricane in September 2017 (5.5 ± 1.5 mg L-1).
Similarly, pH was greatest before the hurricane and decreased afterwards. Chl a was also
higher during the August 2017 bloom (55.6 ± 22.2 µg L-1) than during the July 2016
bloom (26.2 ± 0.9 µg L-1), and lowest values were observed post-Irma in September 2017
(13.8 ± 5.13 µg L-1). Conductivity was similar in July 2016 and August 2017 (372 ± 11.5
and 370 ± 2.00 µs cm-1, respectively) and increased in September 2017 (451 ± 64.7 µs
cm-1).
In July 2016, the ambient NH4+ concentrations in the east–central lake (L004;
7.22 ± 0.53 µM) were significantly greater than in the lake center (LZ40; 0.47 ± 0.36
µM; p < 0.05). In September 2017, NH4+ concentrations were also significantly greater at
the shore station (LOBG; 19.1 µM) than at L004 (0.1 µM; p < 0.05). NO2- concentrations
were not statistically different between sampling events and ranged from 0.06–1.15 µM.
Ambient NO3- concentrations were similar in July 2016 (1.01 ± 0.31 µM) and August
2017 (1.9 ± 0.16 µM) and significantly increased after the hurricane (32.2 ± 10.8 µM).
Similarly, OP and urea concentrations both increased after the hurricane (2.24 ± 1.34 µM
and 3.22 ± 0.71 µM, respectively). TN:TP was greatest in August 2017 (20.0 ± 9.4) and
lowest in September 2017 (10.1 ± 0.12).
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Table 4.1. Environmental data and ambient nutrient concentrations in Lake Okeechobee. Temperature, dissolved
oxygen, pH, chl a and conductivity were only measured at surface stations. Nutrient concentrations were measured in
triplicate within ± 10% error margin.
Sampling
Dissolved
Conduct
Date
Station Temp
Oxygen
pH
chl a
ivity
NH4+ NO2- NO3- OP
Urea
-1
-1
-1
°C
mg L
µg L
µs cm
µM
µM
µM
µM
µM
27 Jul 2016
L004 S
30.9
11.9
8.09 27.1
360
6.70
0.09 0.11 1.10
2.46
L004 D
7.75
0.29 1.20 0.96
2.56
LZ40 S
31.5
9.81
7.94 25.3
383
0.11
0.21 1.18 0.98
1.28
LZ40 D
0.82
0.21 1.56 1.02
3.70
22 Aug 2017
L004 S
29.6
8.24
8.17 33.5
372
0.19
0.07 2.06 0.94
2.44
L004 D
0.11
0.07 1.74 0.96
0.93
SAV
77.8
165
29.8
10.2
8.95
368
0.59
0.03 0.00 0.07
1.10
22 Sept 2017
L004
28.4
6.47
7.91 11.3
391
0.11
0.08 53.6 1.05
1.90
LZ40
28.1
7.63
8.16 8.16
405
0.58
0.10 24.4 0.75
3.41
LOBG
29.8
2.47
7.36 22.0
556
19.1
3.28 18.7 4.93
4.34
ND – no data
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TN
µM
68.4
ND
131
ND
103
ND

TP
µM
3.36
ND
4.90

114
164
117
ND

1.74
7.42
5.19
ND

ND

4.39
ND

St. Lucie Estuary
Water temperatures in SLE also were consistent between sampling events (29.4–
31.1 ˚C; Table 4.2). Salinity in July 2016 increased from SLE80 (closest to the canal;
0.19) to SLE8 (closest to the Atlantic Ocean; 8.9). Similarly, in August 2017, lower
salinity was observed at SLE5 (4.6) than SLE7 (6.75). However, after the hurricane,
salinity decreased significantly to 0.19 (SLE5) and 0.22 (SLE7; p < 0.05). Similar to LO,
highest conductivity was observed in September 2017 and was significantly different
from other sampling events (436 ± 30.5 µs cm-1; p < 0.001). Greatest Chl a values were
recorded in August 2017 (18 ± 1.9 µg L-1).
Ambient NH4+ concentrations were greatest in August 2017 (9.13 ± 1.52 µM)
and decreased after the hurricane (1.23 ± 0.98 µM; Table 4.2). Similarly, NO2concentrations were higher before the hurricane (August 2017: 3.15 ± 1.40 µM) and
decreased afterwards (September 2017: 0.71 ± 0.37 µM). In contrast, NO3-concentrations
in SLE increased post-Irma (September: 34.9 ± 0.35 µM). OP and urea showed an
opposite pattern than in LO and decreased after the hurricane (Table 4.2).
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Table 4.2. Environmental data and ambient nutrient concentrations in St. Lucie Estuary. Nutrient concentrations were measured in
triplicate within ± 10% error margin.
Sampling
Dissolve
Conduct
Date
Station Temp d Oxygen pH Chl a Salinity
ivity
NH4+ NO2- NO3- OP Urea TN
TP
µg L
1
°C
mg L-1
µs cm-1
µM
µM
µM
µM µM
µM
µM
25 Jul 2016
SLE80 31.1
7.1
7.4 12.1
0.19
0.395
3.19 0.82 6.67 2.03 3.22 80.0 3.97
SLE2
30.2
7.4
7.5 19.3
0.19
0.399
1.87 0.77 7.09 1.46 1.05 ND
ND
SLE4
29.6
7.6
7.6
8.9
0.2
0.42
3.61 1.06 7.59 1.30 1.86 82.9 5.29
SLE8
29.8
6
7.6 10.2
8.9
15.5
2.95 0.42 3.00 3.28 1.37 58.2 5.00
24 Aug 2017 SLE80 29.6
5.9
7.9 21.1
0.33
0.686
7.83 0.81 10.4 4.46 5.47 78.6 5.03
SLE5
29.7
4.2
7.4 16.1
4.64
8.38
12.2 2.90 9.17 6.43 4.00 91.4 8.97
SLE7
29.4
5.6
7.7 16.8
6.75
11.7
7.39 5.68 7.49 6.66 3.31 81.4 8.07
21 Sept 2017
SLE5
29.4
6.9
7.5 13.6
0.19
405
0.25 0.34 34.6 2.48 2.04 124 6.74
SLE7
29.4
3.9
7.5 12.8
0.22
466
2.22 1.09 35.3 4.45 5.13 127 6.84
ND – no data
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4.3.2 Potential Ammonium Uptake
Lake Okeechobee
As mentioned previously, light and dark uptake rates are qualified as potential
rates because of added substrate. However, regeneration rates are considered actual rates
because they represent 14NH4+ turnover (Gardner et al., 2017). In July 2016, potential
NH4+ uptake rates in the light ranged from 0.54 to 2.24 µM h-1, and peak light NH4+
uptake rates were observed at L004 in surface water (Fig. 4.2a). Light NH4+ uptake rates
in August 2017 (mean = 2.88 ± 0.72 µM h-1; Fig 2b) were greater than in July 2016, with
peak rates in the central–eastern part of the lake (L004; Fig. 4.2b). After the hurricane
(Fig 4.2c), light uptake rates significantly decreased (mean = 0.66 ± 0.27 µM h-1; p <
0.05) and showed spatial variability; greatest light uptake was observed at the shore
station (LOBG) and lowest in the central lake (LZ40). In LO, light NH4+ uptake rates
were positively correlated with chl a (p = 0.05; Table 4.3).
Dark NH4+ uptake rates were significantly lower than light rates on all occasions
(p < 0.001). In July 2016, dark NH4+ uptake rates were comparable between stations and
depths (mean = 0.30 ± 0.05 µM h-1; Fig 4.2a). Dark rates in August 2017 were not
statistically different from the July 2016 rates. However, dark uptake rates in September
were significantly lower than in July 2016 (mean = 0.12 ± 0.02 µM h-1; Fig. 4.2c), with
greatest dark uptake in the central–eastern lake (L004; Fig. 4.2c) and lowest at the shore
station (LOBG).
St. Lucie Estuary
Light NH4+ uptake rates in the estuary were significantly different between
sampling events and years (p < 0.05). Mean light uptake rates in the estuary were greatest
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in July 2016 (mean = 1.76 ± 0.25 µM h-1), with highest rates close to the canal (SLE80
and SLE2) and decreasing towards the ocean (Fig. 4.2a). In August 2017, light uptake
rates were significantly lower (mean 0.89 ± 0.22 µM h-1; p < 0.05) but followed the same
pattern, with peak uptake rates at the lock (SLE80) and decreasing at SLE5 and SLE7
(Fig. 4.2b). After the hurricane, light uptake in the estuary decreased even further and
was similar between stations SLE5 and SLE7 (mean = 0.22 ± 0.03 µM h-1; Fig. 4.2c).
Dark NH4+ uptake rates in the estuary were not statistically different between
sampling events (p > 0.05) but were significantly lower than the light NH4+ uptake rates
(p < 0.001). In July 2016, dark rates in the estuary ranged from 0.12–1.31 µM h-1, with
greatest dark uptake near the lock at SLE2 and lowest further down the salinity gradient
(SLE8; Fig. 4.2a). In August 2017, dark uptake rates were lower than in 2016 (mean =
0.09 ± 0.03 µM h-1), but followed a similar pattern, with peak rates observed at SLE80
(Fig. 4.2b). In contrast to light uptake rates, dark uptake rates in the estuary in September
2017 were slightly greater than before the hurricane, but not statistically different (0.16 ±
0.08 µM h-1; Fig 4.2c).
Light NH4+ uptake rates in LO and SLE were positively correlated with ambient
temperature and negatively correlated with NO3-, TN, and TP (Table 4.3). Dark NH4+
uptake rates were positively correlated with DO and mcyD abundance and negatively
correlated with NO2-, OP, urea, and TP concentrations (Table 4.3).

4.3.3 Ammonium Regeneration
Lake Okeechobee
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Lake Okeechobee NH4+ regeneration rates (averaged light and dark rates) were
not statistically different between July 2016 and August 2017 sampling events. Mean
NH4+ regeneration in July 2016 was 0.49 ± 0.22 µM h-1, and greatest regeneration rates
were observed in the east-central part of the lake (L004; Fig. 4.2a). In August 2017, NH4+
regeneration was greater than in July 2016 (mean = 1.10 ± 0.39 µM h-1), with greatest
rates at L004 (surface: 1.25 ± 0.40 µM h-1; deep: 1.70 ± 0.11 µM h-1) and lowest at
SAV165 in surface water (0.35 ± 0.03 µM h-1). Following the hurricane, NH4+
regeneration rates decreased further (mean = 0.16 ± 0.06 µM h-1; Fig. 4.2c), with very
low values in central and east-central lake (L004 and LZ40) and slightly higher rates
nearshore (LOBG).
St. Lucie Estuary
NH4+ regeneration rates in the estuary were not statistically different between
sampling events, and peak regeneration rates were observed in July 2016 (mean = 0.38 ±
0.15 µM h-1; Fig. 4.2a). In July 2016, NH4+ regeneration rates followed the same pattern
as uptake rates, with greatest values observed at sites closest to the canal (SLE2 and
SLE80) and decreasing towards the Atlantic Ocean (SLE8). In August 2017, regeneration
rates at the lock (SLE80; 0.46 ± 0.08 µM h-1) were similar to 2016 regeneration rates and
decreased slightly along the salinity gradient (SLE5 and SLE7; Fig. 4.2b). After the
hurricane, NH4+ regeneration rates at SLE5 and SLE7 (mean = 0.16 ± 0.01 µM h-1)
remained similar to rates in August 2017.
Ammonium regeneration rates in LO and SLE were positively correlated with
temperature and chl a and negatively correlated with salinity, NO3-, and TP (Table 4.3).
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(a)

(b)
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(c)

Figure 4.2. Ammonium regeneration and potential uptake rates in Lake Okeechobee and
St. Lucie Estuary in July 2016 (A), August 2017 (B), and September 2017 (C). Values
are averaged (three replicates) with error bars showing ± one standard error.
Vertical line separates sites in the lake from sites in the estuary. For stations: S = surface ,
D = bottom water . For rates: L = light, D = dark.
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Table 4.3. Kendall correlation for non-parametric data. Statistically significant (p < 0.05) Kendall’s Tau
coefficients are bold. DO = Dissolved oxygen.
Salini Chl
Temp
DO
pH
ty
a
NH4+ NO2- NO3OP
Urea
Uptake L Kendall T
0.42
0.33
0.11 -0.45 0.23 0.07 -0.15 -0.53 -0.20 -0.25
p-value
0.03
0.07
0.52 0.09 0.21 0.72 0.42 0.004 0.28 0.18
Uptake D Kendall T
0.30
0.55
0.27 -0.40 0.05 -0.25 -0.40 -0.31 -0.48 -0.50
p-value
0.11
0.003
0.15 0.14 0.79 0.18 0.03
0.08
0.01 0.01
Reg,
Kendall T
0.38
0.33
0.18 -0.63 0.37 0.03 -0.21 -0.37 -0.20 -0.11
p-value
0.04
0.07
0.32 0.02 0.05 0.86 0.24
0.05
0.28 0.52
mcyD
Kendall T
0.28
0.46
0.38 -0.33 0.42 -0.20 -0.46 -0.29 -0.47 -0.24
p-value
0.27
0.06
0.12 0.60 0.09 0.42 0.06
0.24
0.06 0.33
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TN
-0.43
0.03
-0.01
0.95
-0.18
0.35
0
1

TP mcyD
-0.47 0.28
0.02 0.24
-0.62 0.60
0.00 0.01
-0.45 0.47
0.02 0.06
-0.83
0.00

4.3.4 mcyD abundance
Lake Okeechobee
Average abundance of the mcyD gene in August 2017 was 5.08 ± 1.45 x 106
copies ml-1 (Fig. 4.3a), with greatest mcyD gene abundance at L004 deep (7.88 x 106
copies ml-1) and lowest at L004 surface (3.02 x 106 copies ml-1). mcyD abundance
decreased after the hurricane (Fig. 4.3b) and was significantly lower than in August
(mean = 8.17 ± 6.36 x 104 copies ml-1; p < 0.05). After the hurricane, greatest abundance
of mcyD gene was observed near the shore (LOBG) and lowest in the east-central part of
the lake (L004; Fig. 3b). mcyD gene abundance was negatively correlated with NO3- and
TP concentrations (Table 4.3; p < 0.05).
St. Lucie Estuary
Abundance of mcyD in SLE in August 2017 (mean = 9.67 ± 3.82 x 103 copies ml1

) was significantly lower than in LO (Fig. 4.3a; p < 0.05). Greatest abundance of mcyD

in August in SLE was observed at SLE80 near the canal, while lowest abundance was
observed further along the salinity gradient at SLE5 (Fig. 4.3a). After the hurricane,
mcyD abundance in SLE (mean = 2.69 ± 1.14 x 104 copies ml-1; Fig. 3b) was slightly
greater than in August, but not statistically different (p > 0.05).

141

(a)

(b)

Figure 4.3. mcyD gene abundance ± one standard deviation in Lake Okeechobee and St.
Lucie Estuary in August 2017 (A) and September 2017 (B).
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4.4. Discussion
4.4.1 NH4+ uptake during 2016 and 2017 Microcystis blooms
Increased rainfall in 2016, an El Niño year, led to increased water levels in LO,
requiring the release of billions of gallons of lake water through the St. Lucie Canal into
SLE (Kramer et al., 2018). Release of high nutrient freshwater into a brackish estuary
created ideal conditions for a Microcystis bloom to develop (Kramer et al., 2018). We
compared NH4+ cycling rates in LO and SLE during the 2016 bloom, when net flow rates
from LO were high (Fig 4A), in 2017 when the lock remained closed most of the summer
and flow rates were low (Fig 4B), and in September 2017, 10 days after Hurricane Irma
landfall and during high flow rates (Fig 4B).
Potential NH4+ uptake rates measured in LO and SLE were on par with rates
reported in other eutrophic, freshwater ecosystems (McCarthy et al., 2007; Paerl et al.,
2011; Gardner et al., 2017; Hampel et al., 2018), but greater than those previously
reported in LO (0.58 ± 0.01 µM h-1, James et al., 2011; 0.67 ± 0.15 µM h-1, Gu et al.,
1997). NH4+ uptake values in this study varied significantly based on bloom intensity in
LO and SLE (Fig. 2). Peak bloom uptake rates in LO (August 2017, mean = 2.88 ± 1.25
µM h-1) were on par with rates reported during the annual Planktothrix bloom in
Sandusky Bay, Lake Erie (Hampel et al., 2019), Microcystis blooms in hypereutrophic
Lake Taihu (Paerl et al., 2011; Hampel et al., 2018), and in hypereutrophic Lake
Maracaibo, Venezuela (Gardner et al., 1998).
In July 2016, potential NH4+ uptake rates were comparable between the lake and
the estuary (Fig 2A). Bloom conditions were present in both systems, with high
abundances of Microcystis (95% of algal biomass) and high MC and Chl a concentrations
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(Kramer et al., 2018). In the estuary, potential NH4+ uptake decreased following a
gradient from the lock (SLE80, SLE2) into the saline part of the estuary (SLE8; Fig 3A).
This eastward decrease in NH4+ dynamics corresponded with decreasing Chl a values in
this study (Table 1), as well as decreased Chl a and MC concentrations and mcyE
abundance reported previously (Kramer et al., 2018). Light NH4+ uptake rates exceeded
dark uptake rates in both systems, suggesting that NH4+ demand was dominated by
photoautotrophs.
During the August 2017 bloom, potential NH4+ uptake rates in LO exceeded those
from July 2016 (Fig. 2). NH4+ uptake rates in the lake were twice as high at L004 than at
SAV 165 in the northern part of the lake. In contrast, potential NH4+ uptake rates in SLE
in 2017 were significantly lower than in LO (p = 0.05) and also lower than SLE rates
from July 2016 (p = 0.05). NH4+ uptake rates in SLE followed a similar pattern as in
2016, where the greatest rates were measured at SLE80 and decreased toward the coast.
Similarly to 2016, light rates exceeded dark rates in both systems in 2017. These results
support observations that the magnitude of the Microcystis bloom in the lake in 2017 was
greater than in 2016, but that bloom did not extend into the estuary. Additionally, lower
Chl a concentrations and mcyD abundance were observed in SLE in 2017 (Fig 3A).
Interestingly, mcyD abundance showed a strong, positive correlation with dark NH4+
uptake rates. Microcystis has been shown to synthesize MC in darkness, including at
night (Penn et al., 2014) and pre-dawn (Davenport, 2016), suggesting that MC can play
an important role in Microcystis diurnal metabolism. Dark NH4+ uptake observed here
may be driven in part by MC production, but night-time MC synthesis has not been
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extensively studied and merits future research, including diurnal transcriptomics and gene
expression experiments.
Lake Okeechobee water levels are closely monitored and manipulated by the US
Army Corps of Engineers. These activities allow the lake to fill in the winter dry season,
supplying water for agricultural and urban uses. In the spring, lake water is released
through the canal system, decreasing the water level in the lake and creating space for
wet season runoff, including tropical storm rainfall (Steinman et al., 2002). The largest
spring water discharge from LO flows into SLE from the east side of the lake and into the
Caloosahatchee Estuary to the west. Freshwater releases from LO for flood control,
internal recycling of N (this study), and nutrient enrichment from septic systems all
contribute to cyanoHABs in SLE (Lapointe et al., 2012; Phlips et al., 2012). Extreme
fluctuations in salinity are also affecting estuarine oyster reefs and seagrasses (Lapointe
et al., 2012).
Data in this study represent two different years in terms of lake water flow into
SLE (Fig 4). In 2016, due to high rainfall caused by El Niño, the net flow from the lake
into the estuary at lock S308 was continuous and positive throughout the year (Fig 4A).
In 2017, the net flow and discharge at lock S308 remained much lower through the spring
and negative in the summer; thus, high nutrient water was not discharged into SLE, and
the bloom did not develop in the estuary (Fig 4B). Our August 2017 results showed much
greater rates of NH4+ dynamics and mcyD abundances in the lake than the estuary (Fig.
2B and 3A). The comparison of 2016 and 2017 water discharges offers insight into the
difference in bloom conditions in SLE between 2016 and 2017. Microcystis was
abundant and actively assimilating N in the estuary when there was a continuous flow of
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Okeechobee water at the S308 lock. However, when the flow was low the following year,
Microcystis was less abundant, and the rates of N assimilation were lower. Our results
support previous work (Lapointe et al., 2012; Phlips et al., 2012; Julian and Osborne,
2018) showing that flood prevention practices in the Okeechobee region drive
cyanoHABs in the downstream estuary. While it is important to manage lake stage in
Okeechobee, releasing water into the St. Lucie and Caloosahatchee estuaries poses an
environmental threat, not only to these vulnerable, coastal ecosystems, but also to the
Gulf of Mexico and Atlantic Ocean.
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a)

b)

Figure 4.4. Daily flow rates at the S308 lock between Lake Okeechobee and St. Lucie
Estuary in 2016 (a) and 2017 (b). The arrow points to increased flow during the
Hurricane Irma disturbance.
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4.4.2 Hurricane Irma
After Hurricane Irma, potential NH4+ uptake rates in both systems significantly
decreased (p < 0.05; Fig 4.2c). Uptake rates at pelagic stations (L004 and LZ40) were the
lowest measured in LO in this study (<0.5 µM h-1) and suggest decreased algal biomass
and activity. In contrast, uptake rates close to the shore (LOBG) were significantly
greater than in the central lake (1.2 ± 0.07 µM h-1; p < 0.05). Algal biomass may have
accumulated along shorelines, driven by winds and seiches. Post-hurricane abundance of
mcyD in LO also decreased significantly (p < 0.05), and mcyD was most abundant at the
shoreline station (LOBG, Fig. 3b), where peak NH4+ uptake rates were also recorded
(Fig. 4.2c).
SLE NH4+ uptake rates and chl a concentrations after the hurricane were
significantly lower (p < 0.05), but mcyD abundance was slightly greater (Fig 4.3b).
Following Hurricane Wilma in 2005, the phytoplankton community in LO shifted toward
diatoms (James et al., 2008). Under poor light conditions, such as high turbidity and low
water column stability, diatoms may have outcompeted cyanobacteria (James et al.,
2008). Cyanobacteria are also susceptible to flushing events (Paerl et al., 2018), and rapid
flushing can also explain the lower chl a concentrations in the estuary (Table 4.2; Paerl et
al., 2018). The net flow at S308 increased significantly after Hurricane Irma and
remained high for the rest of the year (Fig 4.4b).
These results represent the short-term (10 days) response of HABs to a major
storm disturbance. Numerous studies have reported long-term responses of cyanobacteria
and phytoplankton to hurricanes/typhoons in other systems (Yannarell et al., 2007; Zhu et
al., 2014; Paerl et al., 2018). Increased pulses of nutrient loading, along with wind-
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induced nutrient resuspension from the sediments, may ultimately stimulate HABs and
amplify preexisting eutrophication (James et al., 2008; Zhu et al., 2014). Supporting these
observations, the 2018 cyanobacterial bloom in the LO and SLE region was one of the
largest recorded and is presumed to be the aftermath of rainfall and high winds from
Hurricane Irma and heavy rainfall in spring 2018 (Havens, 2018). The 2018 bloom
persisted throughout the summer, covering nearly the entire LO surface in July and 63%
of the surface on October 30th (L004, chl a = 37.3 µg L-1; DB Hydro database, SFWMD;
Havens, 2018). Most of the summer bloom was dominated by Microcystis, with a few
instances of N2 fixing Dolichospermum (Havens, 2018). Large-scale blooms have also
been observed in SLE and the Caloosahatchee estuary, likely due to a combination of LO
flushing and decreased salinity post hurricane, as well as rainfall events, leading to
another state of emergency issued in seven counties in Florida (Havens, 2018).

4.4.3 Ammonium Regeneration
Actual NH4+ regeneration rates in the lake and estuary followed the same general
pattern as NH4+ uptake rates. During the 2016 bloom, internal NH4+ regeneration rates in
the lake were similar to regeneration rates in SLE. In July 2016, 43% of the potential
light uptake in LO could be supported by regenerated NH4+. Similarly, during the 2017
bloom, 38% of light uptake could be supported by regeneration, despite greater uptake
rates. Following the hurricane, water column regeneration decreased significantly in LO
and SLE, and only 24% of the uptake in LO could be supported by regeneration, likely
due to decreased biomass post disturbance.
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Total nitrogen (TN) from external loading into LO is estimated to be ~6.36 x 103
tons yr-1 (James et al., 2009). LO can be divided into three distinct regions: littoral zone,
nearshore (1 – 2 m depth), and pelagic zone (offshore; James et al., 2008).
Acknowledging the temporal and spatial limitations of the data generated in this study,
we extrapolated the measured regeneration rates in the pelagic zone of the lake (stations
L004 and LZ40) and nearshore (stations SAV165 and LOBG from this study and LO05
from James et al., 2011) to estimate how much NH4+ may be regenerated in the lake
annually relative to external N loads. During summer blooms in the pelagic zone of LO
(estimated volume = 2.85 km3), 2.86 x 105 tons of N yr-1 could be regenerated internally.
This value is 45 times greater than the estimated external loading (6.36 x 103 tons yr-1;
James et al., 2009). In the nearshore region, regeneration could supply 7.94 x 103 tons of
N yr-1. Such extrapolation of rates measured in summer months is almost certainly an
overestimation due to high productivity and algal biomass in the lake. However, the same
calculations using significantly lower regeneration rates from September 2017 show that
3.37 x 104 tons of N yr-1 can be regenerated in the pelagic water column, after a major
disturbance. While this value is much lower than those reported based on July and
August rates, it is still five times greater than the annual external TN loading estimate.
These results suggest that internal NH4+ regeneration is capable of supplementing
external TN loading in LO to a large degree, even following a major disturbance, which
led to significantly lower regeneration rates. This exercise also illustrates the importance
of characterizing internal nutrient dynamics on more intensive temporal scales to more
explicitly constrain annual nutrient budgets.
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4.5. Conclusions
The results presented in this study highlight NH4+ and bloom dynamics in Lake
Okeechobee and St. Lucie Estuary during summer blooms and after Hurricane Irma. We
emphasize the importance of NH4+ cycling on bloom expansion in the lake and
downstream nutrient pollution in the estuary. Results from this study support those from
previous studies (Lapointe et al., 2012; Phlips et al., 2012; Kramer et al., 2018), which
call for water management strategies that balance flood control and health of the estuary.
Previous management strategies (40% P reductions and reduced nutrient inflow from
Everglades Agricultural Area; James et al., 2011) have not prevented cyanoHABs in the
Okeechobee–St Lucie system. We show that NH4+ regeneration plays an important role
in Lake Okeechobee in sustaining cyanoHABs, even after a major disturbance. High
nutrient loading, combined with internal recycling and climate change, will likely
continue to exacerbate cyanoHABs in the Okeechobee-St. Lucie and other freshwaterestuarine systems if further N and P reductions are not implemented. Lastly, short-term
lake and estuary responses to Hurricane Irma emphasize that studies focusing on both
short and long-term effects are necessary for understanding hurricane impacts on shallow,
eutrophic ecosystems and cyanoHAB dynamics.
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Abstract
Nitrification is an important process in the nitrogen (N) cycle, as it is the sole biological
link between oxidized and reduced forms of N. The efficiency of nitrification is
particularly important in eutrophic systems, since it can be closely coupled with
denitrification and removal of excess N. Excess nutrients in eutrophic waters often lead to
non-N2-fixing cyanobacterial harmful algal blooms (cyanoHABs) that thrive on
chemically reduced forms of N, such as ammonium (NH4+). Competition for NH4+
between ammonia oxidizers and cyanoHABs can help determine microbial community
structure in the water column and severity of blooms. We quantified nitrification rates,
and ammonia oxidizing archaea (AOA) and bacteria (AOB) amoA gene abundance, in
eutrophic Lake Okeechobee (LO) and St. Lucie Estuary (SLE) in Florida. We sampled on
three occasions: during the massive Microcystis bloom in July 2016, the bloom in August
2017 (two weeks before Hurricane Irma), and 10 days after Hurricane Irma landfall. In
2016, nitrification rates were low during the bloom events in LO and SLE and ranged
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from undetectable to 79.4 nmol L-1 d-1. In contrast, the 2017 Microcystis bloom was
restricted to LO, where nitrification rates were low (0.78–2.14 nmol L-1 d-1), while no
bloom conditions in SLE coincided with significantly greater nitrification rates (79.1–978
nmol L-1 d-1). Following the hurricane, nitrification rates increased an order of magnitude
in LO (7.66–1280 nmol L-1 d-1) and SLE (3590–4030 nmol L-1 d-1). AOA outnumbered
AOB on all but two occasions in both LO and SLE. After Irma, the abundance of AOA
and AOB increased significantly in SLE, while only AOB were significantly greater in
LO. This study presents unique and contrasting results on Hurricane Irma and
cyanobacterial bloom effects on water column nitrification and ammonia oxidizer
community structure. Nitrification was suppressed during cyanoHABs events in both the
lake and estuary. However, following major disturbance, nitrification rates were an order
of magnitude greater and AOA and AOB abundance increased, suggesting that nitrifiers
outcompete cyanoHABs for NH4+ under poor light conditions in turbid waters.

5.1. Introduction
Nitrification is usually a two-step process in which ammonium (NH4+) is oxidized
to nitrite (NO2-), and NO2- is further oxidized to nitrate (NO3-). Nitrification is an
important process in the nitrogen (N) cycle because it is the sole biological link between
oxidized and chemically reduced forms of N and closely linked to removal of excess N
via denitrification (An and Joye, 2001; Jenkins and Kemp, 1984). Thus, nitrification
provides a critical ecosystem service to help mitigate excess N loads. The first step,
ammonia oxidation, can be carried out by ammonia-oxidizing archaea (AOA) or bacteria
(AOB). Ammonia oxidation, conversion of NH4+ to an intermediate, hydroxylamine, is
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catalyzed by the ammonia monooxygenase (AMO) enzyme, followed by hydroxylamine
conversion to NO2-. The second step of nitrification, NO2- oxidation, is carried out by
NO2- oxidizing bacteria (NOB). Recently, a process of complete nitrification
(comammox) was discovered, where certain species of NOB can oxidize NH4+ to NO3(Daims et al., 2015; Kits et al., 2017; Pjevac et al., 2017).
AOB and AOA coexist in the environment, but understanding the niche
separation of ammonia oxidizers remains debated. Research on nitrifier community
structure separated AOB and AOA communities based on their substrate affinity for
NH4+ and half-saturation constants (Km; Martens-Habbena et al., 2009). Various nitrifier
community studies show that AOB are more abundant in nutrient rich waters and soils
(Hou et al., 2013; Jia and Conrad, 2009; Kowalchuk and Stephen, 2001; Verhamme et al.,
2011), while AOA have been abundant in the oligotrophic open ocean (Beman et al.,
2012; Francis et al., 2005; Newell et al., 2011). However, since the discovery of AOA
(Könneke et al., 2005), several studies showed high AOA abundance in less oligotrophic
locations, suggesting that AOA might occupy a more eutrophic niche than previously
thought. AOA outnumbered AOB in the eutrophic and predominantly agricultural San
Joaquin River (California; Damashek et al., 2015), in hypereutrophic Lake Taihu (China;
Hampel et al., 2018; Zeng et al., 2012), and in the eutrophic and turbid Yellow River
Estuary (Li et al., 2018). In soils, N fertilization led to an increase (up to 5-fold) of
certain clades of AOA (Orellana et al., 2017). These results suggest that AOA have
adapted to a wider range of conditions and might present a more flexible metabolism.
Environmental controls on nitrification have been studied extensively in marine
and coastal ecosystems (Beman et al., 2012; Damashek et al., 2016; Santoro et al., 2017).
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In estuaries, oxygen, temperature, salinity, light, turbidity, and ambient NH4+
concentration can influence nitrification rates (Damashek and Francis, 2018; Heiss and
Fulweiler, 2016). In freshwater systems, however, controls on nitrification have not been
studied extensively. In highly productive, eutrophic lakes, competition for NH4+ between
nitrifiers and photoautotrophs, including bloom-forming cyanobacteria (cyanoHABs),
can control the efficiency of nitrification. In hypereutrophic Lake Taihu, nitrification
rates were lower during extensive Microcystis blooms and increased when the blooms
were not present (Hampel et al., 2018). The efficiency of nitrification is particularly
important in eutrophic systems, since it can be closely coupled with denitrification and
removal of excess N. Thus, in cyanoHABs-dominated lakes, the competition for NH4+
with nitrifiers could help determine microbial community structure and cyanoHAB
severity.
Lake Okeechobee and St. Lucie Estuary in southern Florida are connected via a
flow-managed canal system, eventually flowing into the Atlantic Ocean. Eutrophic Lake
Okeechobee has experienced toxic, cyanoHABs for decades (James et al., 2009),
attributed to increased N and phosphorus (P) loading from the largely agricultural
watershed (James et al., 2011). Eutrophication and cyanoHABs in Lake Okeechobee
create a myriad of negative effects on the downstream St. Lucie Estuary. As a flood
control solution, nutrient laden water from Lake Okeechobee is released via a canal
system into the estuary, reducing salinity and increasing nutrient concentrations and
turbidity (Lapointe et al., 2012; Phlips et al., 2012). Reduced salinity and increased
nutrient concentrations create ideal conditions for development of freshwater cyanoHABs
in the estuary. Toxic Microcystis blooms in St. Lucie Estuary were observed on

162

numerous occasions (Millie et al., 2004; Phlips et al., 2012) including during a massive
bloom in 2016, which led the State of Florida to declare state of emergency (Kramer et
al., 2018). In this study, we investigated nitrification rates during the 2016 bloom, in both
the lake and estuary, to determine whether the presence of cyanobacteria and competition
for NH4+ affected nitrification efficiency. We also sampled the following summer
(August 2017) during a cyanoHAB bloom confined to the lake.
On September 10th, 2017, Hurricane Irma made landfall in the Florida Keys as a
Category 4 hurricane with sustained winds of >210 km h-1. Lake Okeechobee
experienced several hours of hurricane force winds, and excessive precipitation runoff
passed via canals toward St. Lucie Estuary. High winds and runoff have major impacts on
hydrology, microbial and phytoplankton community structure, sediments, and nutrients.
Rainfall and runoff can also reduce salinity in estuaries, leading to stratification and
potentially hypoxic conditions in bottom waters (Paerl et al., 2001). Hurricane winds also
produce strong currents and seiches, which resuspend sediments and increase total
suspended solids (TSS) and turbidity in the water column (James et al., 2008). However,
very little is known about hurricane effects on nitrification and ammonia oxidizer
community structure. To fill this gap, we sampled Lake Okeechobee and St. Lucie
Estuary within two weeks of Hurricane Irma landfall in September 2017. Sampling a few
weeks before the hurricane and 10 days after offered a unique opportunity to fill this
knowledge gap.
The goal of this study was to quantify nitrification rates and amoA gene
abundance and investigate the ammonia oxidizer community structure in St. Lucie
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Estuary and Lake Okeechobee during cyanoHABs event in 2016 and 2017 and before
and after Hurricane Irma landfall.

5.2. Methods
5.2.1 Sampling
Lake and estuary water and DNA samples were collected on July 25–27, 2016,
August 22–24, 2017, and September 20–21, 2017. The July 2016 sampling occurred
during a large cyanoHABs in Lake Okeechobee (LO) and St. Lucie Estuary (SLE;
Kramer et al., 2018). In August 2017, sampling occurred three weeks before Hurricane
Irma passed over the Okeechobee region as a Category 3 hurricane. The September 2017
sampling occurred 10 days after Hurricane Irma passed through south and central Florida.
In July 2016, sampling was conducted at two stations in LO, L004 (surface and
bottom water) and LZ40 (surface and bottom water), and four stations in SLE following a
freshwater to marine salinity gradient from SLE80, SLE2, SLE4, and SLE8 (surface
water only; Fig. 5.1). In August 2017, L004 (surface and bottom water) and a northern
LO station (SAV 165, surface water only) were sampled in LO and SLE80, SLE5, and
SLE7 in the estuary. Post-hurricane sampling included stations L004, LZ40, and LOBG
(nearshore in the south) in the lake (surface water only), and SLE5 and SLE7 in the
estuary.
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Figure 5.1. Map of sampling locations in Lake Okeechobee and St. Lucie Estuary
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Water for nutrient analyses was filtered in the field to 0.2 µm with pre-rinsed
syringe filters (Nylon) into 15 ml polypropylene tubes and frozen upon return to the
laboratory. Water for NH4+ dynamics experiments was collected with a van Dorn water
sampler into 5 L cubitainers and returned to the lab for incubations. Geophysical
parameters were measured with a YSI multisensor sonde in July 2016 and August 2017,
and a Manta 2 multiparameter sonde in September 2017. Dissolved nutrient analyses
included NH4+, NO2-, NO3-, orthophosphate (OP), and urea and were analyzed using a
Lachat Quikchem 8500 FIA nutrient analyzer. Turbidity and TSS was obtained from the
DB Hydro database (https://www.sfwmd.gov/science-data/dbhydro) and collected by
South Florida Water Management District (SFWMD) according to standard EPA
protocols.
5.2.2 DNA collection and extraction
Environmental DNA was collected in August and September 2017 on 0.2 µm
Sterivex filters (EMD Millipore, MA, USA). Samples were preserved in the field with ~2
mL of Ambion RNAlater (Invitrogen, Carlsbad, CA, USA). The volume of site water
pushed through Sterivex filters in August 2017 ranged from 120–240 ml. However, due
to increased turbidity after the hurricane only 45–60 ml of water was filtered in
September for stations L004, LZ40, SLE5, and SLE7. An exception was station LOBG
where 300 ml of water were filtered. Preserved filters were frozen at -80 ˚C until
analysis.
Filter cartridges were thawed on ice in the lab and the residual RNAlater in the
Sterivex filters was removed by pushing 10 ml of Phosphate Buffer Saline 1X Solution
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(Fisher BioReagents, USA) through the filter. DNA was extracted using the Gentra
PureGene kit (Qiagen Inc., USA). Lysis buffer (0.9 ml) and Proteinase K (10 µl) were
added to the filters and the samples were incubated for 1 h at 55 °C and 1 h at 65 °C,
repeated twice (Newell et al., 2011; Hampel et al., 2018).
5.2.3 amoA abundance
Quality and quantity of the extracted DNA were measured spectrophotometrically
(Nanodrop 2000, ThermoScientific). Ammonia oxidizer abundance was investigated by
measuring the abundance of amoA, the functional gene for NH4+ oxidation. Archaeal
amoA was quantified with Arch-amoAF and Arch-amoAR primers targeting the 635 base
pair (bp) region of the amoA gene, subunit A of the AMO enzyme (Francis et al., 2005).
Bacterial amoA was quantified with amoAF and amoA2R primers (Rotthauwe et al.,
1997) to target the 491 bp region of amoA. Each qPCR run included three no template
controls (NTC), six standards from serial dilution in triplicate, and the environmental
DNA samples in triplicate. Each sample and standard received 10 µl of Luna Universal
qPCR Master Mix (New England Biolabs Inc., USA), 0.5–1 µl of each 10 µM primer,
and 20–35 ng of DNA template.
amoA qPCR protocols followed methods of Bollmann et al., (2014): for AOA, (95
°C initial denaturation for 5 min, 95 °C denaturation for 30 sec, 53 °C annealing for 45
sec, and 72 °C extension for 1 min; 40 cycles); for AOB (95 °C initial denaturation for 5
min, 95 °C denaturation for 30 sec, 56 °C annealing for 45 sec, 72 °C extension for 1
min; 40 cycles), followed by the melting curve. Automatic settings for the thermocycler
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(Realplex, Eppendorf) were used to determine threshold cycle (Ct values), efficiency
(93–98%), and a standard curve with R2 values of 0.99.
Gene copy number was calculated as (ng * number mol -1)/ (bp * ng g-1 * g mol-1
of bp) and is reported in amoA gene copies/ml of sample water.
5.2.4 Nitrification rates
Nitrification rates were measured using the 15NH4+ tracer addition method (Heiss
and Fulweiler 2016; Newell et al., 2011; Ward, 2008). 500 ml of water from each station
was distributed into 1 L polycarbonate bottles and enriched with a tracer amount
(approximately 20% of the total pool) of 98% 15NH4Cl (Isotec). Amended water was
mixed thoroughly by inverting 10 times and distributed into three 125 ml polycarbonate
incubation bottles. Unenriched control samples for each station were distributed into 125
ml incubation bottles. Initial samples (T0) were filtered to 0.22 µm with syringe filters
into 30 ml polycarbonate bottles and frozen until analysis and final samples (Tf) were
collected after incubating for 20 h at in situ light and temperature.
Accumulation of 15NO3- was measured using the Cd reduction/NaN3 reduction
method (Heiss and Fulweiler, 2016). Approximately 25 ml from each sample was
transferred into 50 ml centrifuge tubes. NO3- was reduced to NO2- by addition of 100 mg
of MgO, 6.6 g of NaCl, and 0.75–1 g of acidified Cd powder to each sample, followed by
a 17 h incubation on a shaker table (McIlvin and Altabet, 2005). Samples were
centrifuged at 1000 x g for 15 min, and 7.5 ml of supernatant was carefully transferred
into 12 ml Exetainers.
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Cadmium-reduced NO2- was further reduced to N2O with the NaN3 method
(Hampel et al., 2018; McIlvin and Altabet, 2005; Newell et al., 2011). Briefly, each
sample was treated (with gastight syringe) with 0.25 ml of a 1:1 (v:v) solution of 2 M
NaN3 :20% CH3COOH solution (Ar-purged), and incubated for 1 h at 30 °C (McIlvin and
Altabet, 2005). All NO2- in the sample from Cd reduction was transformed chemically to
N2O. After a 1 h incubation, the reaction was stopped with an injection of 0.15 ml of 10
M NaOH.
Samples were inverted and sent to the University of California Davis Stable
Isotope Facility for isotopic analysis of 45/44N2O using a ThermoFinnigan GasBench +
PreCon trace gas concentration system interfaced to a ThermoScientific Delta V Plus
isotope-ratio mass spectrometer (Bremen, Germany).
Nitrification rates were corrected for NaN3 reduction efficiency, and 15NO3production was calculated as:
Nitrification (in nmol L-1 d-1) = ((15N/14N * [NO3-])24h – (15N/14N * [NO3-])0h)/ a * t
Where a = [15NH4+] / ([15NH4+] + [14NH4+])
5.2.5 Statistical analysis
Statistical analysis was conducted using RStudio software (Version 1.1.463).
First, environmental data, nitrification rates, and amoA abundance were checked for
normality using the Shapiro-Wilk test. After determining that the data were not normally
distributed, the Kendall correlation method for non-parametric data was used to
determine correlations between parameters. Wilcoxon and Kruskall-Willis tests for
nonparametric data were used to determine differences between sampling events. A p
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value < 0.05 was considered statistically significant. Additionally, a stepwise multipleregression model for nitrification rates was run using the MASS package (R Version 7.3).
The best-fitting model was selected based on the minimum Akaike’s information criteria
(AIC; Akaike, 1974). All non-normally distributed variables were log(x + 1)-transformed
prior to running the model to normalize the data for parametric analysis.
5.3. Results
5.3.1 Physical and geochemical parameters
Water temperature in the lake and estuary was uniform across sampling events
and ranged from 28.1 to 31.5 °C (Table 5.1). DO was, on average, greater in LO (July:
10.9 ± 1.48 mg L-1; August: 9.22 ± 1.39 mg L-1) than SLE (July: 7.02 ± 0.72 mg L-1;
August: 5.27 ± 0.92 mg L-1) and decreased slightly in the lake after the hurricane (5.52 ±
2.11 mg L-1) but remained similar in SLE (5.37 ± 2.71 mg L-1). Salinity in SLE increased
before the hurricane, with lowest values at SLE80 (0.19) and greatest at SLE8 (8.9; Table
5.2). However, after the hurricane salinity in SLE decreased significantly at SLE5 and
SLE7 (0.2; p < 0.05). Conductivity also changed after Hurricane Irma, increasing in LO
(before: 370 ± 9.57 µs; after: 450 ± 91.5 µs; Table 5.1) and by an order of magnitude in
SLE (before: 5.35 ± 6.43 µs; after 435 ± 43.1 µs; p < 0.05; Table 5.2).
Ambient NH4+ concentrations in LO did not differ before and after the hurricane
(0.29 ± 0.15 µM, 0.34 ± 0.19 µM, respectively Table 5.1). However, NH4+ decreased in
SLE following the hurricane (before: 9.13 ± 1.52 µM; after: 1.23 ± 0.98 µM; Table 5.2).
In contrast, ambient NO3- concentrations increased significantly following the hurricane
in both LO (before: 1.27 ± 0.64 µM; after: 32.3 ± 10.79 µM) and SLE (before: 9.02 ±
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0.85 µM; after: 34.9 ± 0.35 µM; p < 0.05). In August 2017, turbidity in LO ranged from
22.6–23.7 NTU while, TSS ranged from 16–25 mg L-1. In SLE, turbidity was lower than
in LO and ranged from 7.2–9.7 NTU, and TSS ranged from 9–12 mg L-1 (Table 5.4).
Following the hurricane, turbidity and TSS increased significantly in both LO and SLE (p
< 0.05). Turbidity in LO (82–114 NTU) exceeded turbidity values in SLE (46 NTU), and,
similarly, TSS was greater in LO (49–81 mg L-1) than SLE (22–30 mg L-1; Table 5.4)

171

Table 5.1. Environmental data and ambient nutrient concentrations in Lake Okeechobee in 2016 and 2017.
Temperature, dissolved oxygen (DO), pH, chl a, and conductivity were only measured in surface waters. Nutrient
concentrations were measured in triplicate within ± 10% error margin.
Sampling
Date
Station
Temp
DO
pH
chl a Conductivity NH4+
NO2NO3OP
-1
-1
-1
°C
mg L
µg L
µs cm
µM
µM
µM
µM
27 Jul 2016
L004 S
30.9
11.9
8.09 27.1
360
6.70
0.09
0.11
1.10
L004 D
7.75
0.29
1.20
0.96
LZ40 S
31.5
9.81
7.94 25.3
383
0.11
0.21
1.18
0.98
LZ40 D
0.82
0.21
1.56
1.02
22 Aug 2017
L004 S
29.6
8.24
8.17 33.5
372
0.19
0.07
2.06
0.94
L004 D
0.11
0.07
1.74
0.96
SAV 165 29.8
10.2
8.95 77.8
368
0.59
0.03
0.00
0.07
22 Sept 2017
L004
28.4
6.47
7.91 11.3
391
0.11
0.08
53.6
1.05
LZ40
28.1
7.63
8.16 8.16
405
0.58
0.10
24.4
0.75
LOBG
29.8
2.47
7.36 22.0
556
19.1
3.28
18.7
4.93
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Table 5.2. Environmental data and ambient nutrient concentrations in St. Lucie Estuary in 2016 and 2017. Nutrient
concentrations were measured in triplicate within ± 10% error margin.
Sampling
Dissolved
Conducti
Date
Station Temp
Oxygen
pH Chl a Salinity
-vity
NH4+
NO2NO3OP
-1
-1
-1
°C
mg L
µg L
µs cm
µM
µM
µM
µM
25 Jul 2016 SLE80 31.1
7.1
7.4 12.1
0.19
0.395
3.19
0.82
6.67
2.03
SLE2
30.2
7.4
7.5 19.3
0.19
0.399
1.87
0.77
7.09
1.46
SLE4
29.6
7.6
7.6
8.9
0.2
0.42
3.61
1.06
7.59
1.30
SLE8
29.8
6
7.6 10.2
8.9
15.5
2.95
0.42
3.00
3.28
24 Aug
2017
SLE80 29.6
5.9
7.9 21.1
0.33
0.686
7.83
0.81
10.4
4.46
SLE5
29.7
4.2
7.4 16.1
4.64
8.38
12.2
2.90
9.17
6.43
SLE7
29.4
5.6
7.7 16.8
6.75
11.7
7.39
5.68
7.49
6.66
21 Sept
2017
SLE5
29.4
6.9
7.5 13.6
0.19
405
0.25
0.34
34.6
2.48
SLE7
29.4
3.9
7.5 12.8
0.22
466
2.22
1.09
35.3
4.45
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5.3.2 Nitrification
Nitrification rates in LO in July 2016 were measured at surface (~0.2 m) and
bottom (2 m) depths and varied significantly between the central lake station (LZ40) and
the eastern lake station (L004; Fig 5.2a). Nitrification was greatest in bottom water at
L004 (98.8 ± 5.11 nmol L-1 d-1) and lower in surface water (10.5 ± 1.6 nmol L-1 d-1). In
contrast, nitrification in bottom water at LZ40 was undetectable and low in surface water
(2.04 ± 0.52 nmol L-1 d-1). Nitrification rates in LO in August 2018 were only measured
in surface water and were lower than those measured in 2016. August 2018 rates ranged
from 0.78 ± 0.82 nmol L-1 d-1 (SAV165) to 2.14 ± 0.02 nmol L-1 d-1 (L004; Fig 5.2a).
However, after the hurricane, nitrification increased significantly at L004 (1280 ± 71.3
nmol L-1 d-1; p < 0.05) and LZ40 (168 ± 96.1 nmol L-1 d-1) and were low near the shore at
LOBG (7.66 ± 0.89 nmol L-1 d-1; Fig. 5.2a).
In July 2016, nitrification rates in SLE increased along the salinity gradient, with
undetectable rates at SLE80 and greatest rates at SLE8 (79.4 ± 0.01 nmol L-1 d-1; Fig
5.2b). In August 2018, nitrification rates in SLE were significantly greater than in 2016
(p < 0.05). Lowest rates were observed near the St. Lucie canal (SLE80; 79.1 ± 2.22
nmol L-1 d-1) and greatest rates downstream at SLE5 and SLE7 (978 ± 294 and 563 ± 0.4
nmol L-1 d-1, respectively; Fig 5.2b). Following the hurricane, nitrification rates increased
significantly at both SLE5 (3590 ± 98.9 nmol L-1 d-1) and SLE7 (4030 ± 888 nmol L-1 d-1;
p < 0.05; Fig 5.2b). Overall, nitrification rates in SLE exceeded nitrification rates in LO
on all occasions.
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Nitrification rates in LO and SLE were negatively correlated with temperature
and DO (Kendall p < 0.05; Table 5.3) and positively correlated with ambient NO3concentration (Kendall p < 0.05).

175

a)

b)

Figure 5.2. Nitrification rates ± one standard error in: (a) Lake Okeechobee and (b) St.
Lucie Estuary. Note the scale difference between (a) and (b).
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5.3.3 amoA abundance
In LO in August 2017, AOA gene copies exceeded AOB at all stations (Fig. 5.3a).
AOA abundance ranged from 8.21 x 104 to 1.83 x 106 gene copies ml-1, while AOB
abundance ranged from 7.14 x 103 to 2.21 x 104 gene copies ml-1 (Fig 5.3a). Following
the hurricane, AOA gene copies exceeded AOB at all stations except LOBG (Fig 5.3b).
AOA post-Irma ranged from 4.32 x 104 to 5.73 x 106 gene copies ml-1 (Fig 5.3b), but this
difference was not statistically significant (p = 0.3). AOB gene copies increased
significantly post-hurricane and ranged from 2.07 x 104 to 9.35 x 104 gene copies ml-1 (p
= 0.05).
In SLE in August 2017, archaeal amoA abundance exceeded bacterial amoA at all
stations except SLE80. Archaeal amoA in SLE was slightly lower than in LO and ranged
from 7.10 x 103 to 1.29 x 105 gene copies ml-1 (Fig 5.3a). AOB abundance in SLE ranged
from 2.9 x 103 to 5.39 x 104 gene copies ml-1 and was comparable to LO. After Hurricane
Irma, AOA outnumbered AOB at all stations (Fig 5.3b), and amoA gene copies increased
(AOA: 7.65 x 104–4.65 x 105 gene copies ml-1; AOB: 5.06 x 104–1.56 x 105 gene copies
ml-1).
AOA gene copies in LO and SLE were significantly and negatively correlated
with temperature and ambient NH4+ concentration and positively correlated with TSS
(Kendall p < 0.05; Table 5.3). AOB abundance was positively correlated with
conductivity (Kendall p < 0.05).
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a)

b)

Figure 5.3. Ammonia oxidizer abundance (amoA gene) ± one standard error in Lake
Okeechobee and St. Lucie Estuary in (a) August 2017 and (b) September 2017.
Bars sharing a letter are not significantly different (p < 0.05)

178

Table 5.3. Details of Kendall correlation for non-parametric data analysis of environmental parameters,
geochemical rates, and amoA gene abundance in Lake Okeechobee and St. Lucie Estuary. Significant
correlations (p < 0.05) are presented in bold. DO = dissolved oxygen. Cond = conductivity.
Temp. DO
Salinity NH4+ NO3- Cond. Irma Turbidity TSS
Nitrification Kendall T -0.58 -0.38
0.39
0.08
0.58
0.29 0.48
0.23
0.00
p-value
0.002 0.03
0.09
0.65
0.001 0.110 0.02
0.45
1.00
AOA
Kendall T -0.51 0.37
-0.40
-0.73
0.24
0.17 0.32
0.52
0.68
p-value
0.04
0.12
0.32
0.003
0.32
0.47 0.25
0.09
0.003
AOB
Kendall T -0.04 -0.11
-0.60
0.02
0.28
0.53 0.56
0.33
0.29
p-value
0.85
0.65
0.14
0.92
0.24
0.03 0.04
0.29
0.36
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5.4. Discussion
5.4.1 Nitrification
2016 Microcystis bloom
Nitrification rates in LO and SLE varied significantly between seasons (Fig 5.2).
In comparison to studies in the open ocean or coastal systems, reported rates of water
column nitrification in lakes are scarce. In 2016, during a massive Microcystis bloom,
nitrification rates were low in LO and did not exceed 100 nmol L-1 d-1 (Fig 5.2a). Rates of
this magnitude are on par with nitrification rates measured in oligotrophic Lake Superior
(Small et al., 2013) and lower than previously measured nitrification rates in Lake
Okeechobee (67–97 nmol L-1 h-1; James et al., 2009). These relatively low rates in 2016
may be due to competition for substrate between nitrifiers and photoautotrophs, including
cyanobacteria. During this sampling event, Lake Okeechobee experienced one of the
largest Microcystis blooms on record (Kramer et al., 2018; Hampel et al., in review).
NH4+ is the preferred N form for non-N2 fixing cyanobacteria, like Microcystis, which
often outcompetes ammonia oxidizers due to a lower substrate affinity and higher half
saturation constant (Km; Baldia et al., 2007; Martens-Habbena et al., 2009). Such
competition for NH4+ between Microcystis and ammonia oxidizers was previously
observed in hypereutrophic Lake Taihu, China (Hampel et al., 2018). During massive
Microcystis blooms in Taihu, nitrification rates were equally low but, increased
significantly when the bloom was less pronounced (Hampel et al., 2018).
In SLE, nitrification rates ranged from undetectable to 79.4 ± 0.02 nmol L-1 d-1
and increased along the salinity gradient (Fig 5.2b). Lowest rates were observed near the
St. Lucie canal lock at S308 (Fig. 5.1) and greatest rates at SLE8 nearest the Atlantic
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Ocean (Fig 5.2b). Nitrification rates in SLE were similar to those measured in nutrientrich San Francisco Bay estuary (Damashek et al., 2016) along the southern New England
coast (Heiss and Fulweiler 2016), and eutrophic Chesapeake Bay (Laperriere et al., 2018;
ammonia oxidation only). Undetectable and low nitrification rates near the lock (SLE80
and SLE2, respectively) in 2016 can be explained by the presence of the bloom during
sampling and increased microbial demand for NH4+. High photoautotrophic NH4+ uptake
rates (2.32 µmol L-1 h-1; Hampel et al. in review), paired with large Microcystis cell
density near the lock (108 cells mL-1; Kramer et al., 2018), suggest that nitrifiers were
outcompeted for substrate by cyanobacteria. In contrast, the bloom was less pronounced
in the outer estuary (Kramer et al., 2018), and photoautotrophic NH4+ uptake rates were
lower (1.11 µmol L-1 h-1; Hampel et al., in review). In these conditions, nitrification rates
increased (Fig 5.2b), suggesting that nitrifiers were more competitive with Microcystis
and effectively oxidized NH4+ to NO3-.

2017 Microcystis bloom and Hurricane Irma
In August 2017, nitrification rates in LO were the lowest measured in this study
and did not exceed 3 nmol L-1 d-1 (Fig 5.2b). Slightly greater rates were observed in the
pelagic region of the lake (L004 2.14 ± 0.02 nmol L-1 d-1) than in the littoral zone
(SAV165 0.78 ± 0.82 nmol L-1 d-1). Similarly low rates were previously measured in
several areas of the oligotrophic open ocean (Clark et al., 2008; Santoro et al., 2017;
Newell et al., 2011; Newell et al., 2013). The low rates in LO during August 2017,
however, coincided with another large Microcystis bloom. At this time, we measured
photoautotrophic NH4+ uptake rates of 3.06 µmol L-1 h-1 (Hampel et al., in review) and
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high gene abundance of microcystin synthetase (mcyD; Hampel et al., in review). Thus,
nitrification was likely suppressed by Microcystis and its competition with ammonia
oxidizers. Rates below 10 nmol L-1 d-1 were also observed during summer blooms in
central Lake Taihu and similarly were attributed to substrate competition with
cyanoHABs (Hampel et al., 2018).
In contrast, nitrification in SLE was significantly greater in August 2017 than in
2016 (Fig 5.2b). Lowest rates were measured near the canal lock (SLE80: 79.1 ± 2.23
nmol L-1 d-1) and were similar to peak nitrification rates in 2016 at SLE8 (Fig 5.2b).
Greatest rates of nitrification were observed downstream, at SLE5 and SLE7, and ranged
from 563–978 nmol L-1 d-1 (Fig 5.2b). Nitrification rates of this magnitude were
previously observed in the Eastern Tropical South Pacific (Lipschultz et al., 1990),
hypoxic zone in the Gulf of Mexico (Bristow et al., 2015) and coastal Georgia (USA;
Tolar et al., 2017). In August 2017, without the Microcystis bloom in SLE, mcyD gene
abundance was lowest at SLE5 and SLE7. Additionally, lower nitrification rates
measured at SLE80 coincide with greater mcyD abundance at that station (Hampel et al.,
in review).
After the hurricane, nitrification rates in both systems increased by an order of
magnitude (Fig 5.2). In LO, nitrification ranged from 168 to 1280 nmol L-1 d-1 at LZ40
(Fig 5.2a). Rates were significantly lower in the nearshore region (LOBG: 7.66 ± 0.89
nmol L-1 d-1) but greater than rates before the hurricane in the littoral zone (SAV165; 0.78
± 0.82 nmol L-1 d-1). Nitrification rates on this scale in natural, freshwater systems have
only been reported in Lake Taihu and in Lake Mendota (Hampel et al., 2018; Hall 1986).
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Similarly, in SLE, nitrification rates post-hurricane increased by an order of
magnitude and ranged from 3590–4030 nmol L-1 d-1. Although uncommon in the
literature, rates in this range were previously measured in the Chang Jiang (Yangtze)
River plume (Hsiao et al., 2014), eutrophic Elbe estuary (Sanders et al., 2018), Pearl
River estuary (Dai et al., 2008), and northern Gulf of Mexico (Carini et al., 2010). The
dramatic increase in nitrification following the hurricane may be explained by sediment
resuspension, caused by high winds, introducing benthic nitrifiers and NH4+ accumulated
in sediments into the water column. With more favorable oxygen conditions in the water
column, and a supply of NH4+, the potential for nitrification may have increased
(Wengrove et al., 2015). Elevated rates of nitrification have been observed at Estuary
Turbidity Maxima (ETM; Damashek et al., 2016), and some of the previously reported
high nitrification rates were associated with turbid estuarine waters and strong wind
events (Hsiao et al.,2014; Laperriere et al., 2018; Sanders et al., 2018). NH4+ released
from resuspended sediments can thus lead to nitrification “hot spots” (Percuoco et al.,
2015; Damashek et al., 2016). In both LO and SLE, turbidity and TSS increased
significantly after the hurricane (p < 0.05; Table 5.4). Additionally, the best fitting
multiple regression model for nitrification revealed that ambient NO3-, turbidity, and
salinity best predicted nitrification rates in LO and SLE (Adj. R2 = 0.99; Table 5.5).
Hurricanes are also accompanied by increased rainfall, leading to larger runoff and
increased nutrient concentrations in the water column (Havens et al., 2001; James et al.,
2008). High turbidity in the water column (Table 5.4) might favor nitrifiers over
cyanobacteria, since nitrifiers are chemolithoautotrophs and do not require light to carry
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out their metabolic processes. Thus, reduced light availability in a nutrient-rich, turbid
water column might favor nitrifiers and suppress cyanobacterial N uptake.
Across all sampling events, nitrification was positively correlated with NO3- and
negatively correlated with DO (Table 5.3). This pattern was expected, since nitrification
consumes oxygen and yields NO3- as the final product.
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Table 5.4. Turbidity and total suspended solids (TSS) in Lake Okeechobee
and St. Lucie Estuary in 2017 from DB Hydro database (South Florida
Water Management District).
Station
Date
Turbidity (NTU) TSS (mg L-1)
SLE5
Aug-17
9.7
12
Sep-17
45.9
30
SLE7
Aug-17
7.2
9
Sep-17
46
22
L004
Aug-17
23.7
25
Sep-17
114
81
LZ40
Aug-17
22.6
16
Sep-17
82
49
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Table 5.5. Details of best-fitting multiple regression models determined by stepwise
regression for nitrification rates and environmental variables in Lake Okeechobee and St.
Lucie Estuary. All variables were log-transformed prior to analysis.
Process
Variable
Parameter
Model
Std.
Adj.
Estimate estimate
P
R2
F
P
Nitrification
NO3
3.630
0.190
0.002
0.994
283
0.003
Salinity
-0.957
0.250
0.063
Turbidity -3.012
0.330
0.012
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5.4.2 amoA abundance
The abundance of the amoA functional gene was only measured in August and
September 2017. At all but two sites and times (August SLE80 and September LOBG;
Fig 5.3), AOA abundance was greater than AOB. AOA have outnumbered AOB in many
aquatic environments, including coastal systems (Zhang et al., 2014), the open ocean
(Beman et al., 2012; Newell et al., 2011), marine sediments (Caffrey et al., 2007), alpine
and oligotrophic lakes (Bollmann et al., 2014; Vissers et al., 2013), and eutrophic lakes
water column (Hampel et al., 2018; Zeng et al., 2012). However, high abundance of AOA
in eutrophic and hypereutrophic ecosystems is puzzling considering the reported
oligotrophic nature of AOA (Kits et al., 2017; Martens-Habbena et al., 2009). Despite
AOA outnumbering AOB in hypereutrophic Lake Taihu and eutrophic San Joaquin
River, only AOB abundance correlated positively with nitrification rates (Damashek et
al., 2015; Hampel et al., 2018; Zeng et al., 2012). Similar findings were reported in Plum
Island Sound (MA, USA), where abundance of AOA was higher than AOB, but potential
nitrification rates did not correlate with AOA (Bernhard et al., 2010). We speculate that
AOA in these eutrophic ecosystems might be subjected to niche differentiation and might
form a separate ecotype than the oceanic AOA.
In LO, the abundance of archaeal amoA was not significantly different between
August and September (p = 0.07) and ranged from 104 to 106 gene copies ml-1. In
contrast, AOB were significantly greater after the hurricane (p < 0.05) and ranged from
103 to 104 gene copies ml-1. AOA were more abundant in the pelagic region of the lake
than the littoral zone, while AOB were uniformly distributed in LO. These results and
patterns are similar to ammonia oxidizer studies in Lake Taihu (Hampel et al., 2018;
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Zeng et al., 2012). In contrast, AOB were more abundant than AOA in Lake Erie while
the opposite was observed in oligotrophic Lake Superior (Bollman et al., 2014;
Mukherjee et al., 2016). However, ammonia oxidizer communities in lake water column
are understudied in comparison to those in freshwater sediments or marine systems
(Damashek and Francis, 2018) and pose a large knowledge gap in the literature. Thus,
between-lake comparisons of AOA and AOB might not be as effective and informative.
In SLE, AOA abundance increased significantly after the hurricane (p < 0.05) and
AOA generally outnumbered AOB (Fig 5.3). Archaeal amoA gene abundance ranged
103–105 gene copies ml-1 and is on par with AOA abundance observed in other coastal
systems (Beman et al., 2012; Mincer et al., 2007; Santoro et al., 2008). While AOA are
more abundant in the open ocean, estuarine ammonia oxidizing communities are more
complex and dynamic, with different systems exhibiting AOA dominance (Beman and
Francis 2006), AOB dominance (Bernhard et al., 2010) or interchanging spatial
dominance of AOA and AOB (Santoro et al., 2008; Zheng et al., 2014). Bacterial amoA
abundance in SLE also ranged from 103 to 105 gene copies ml-1 but exceeded the AOA
abundance only at SLE80 in August (Fig 5.3a). In some estuaries, salinity plays a major
role in shaping ammonia oxidizer community structure (Caffrey et al., 2007; Mosier and
Francis, 2008; Santoro et al., 2008). AOB often dominate lower salinity regions of the
estuary, while AOA are more abundant in the marine regions (Bouskill et al., 2012), but
this pattern is not universal (Santoro et al., 2008; Mosier and Francis 2008). Here, AOB
abundance was significantly greater at the freshwater site (SLE80) than at the saline site
(SLE7) before the hurricane. AOB abundance was significantly greater after the
hurricane (p < 0.05) and was positively correlated with conductivity. Increases in AOA
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and AOB post hurricane can be attributed to resuspension of benthic nitrifiers into the
water column (Owens 1986). Ammonia oxidizers are abundant in surface sediments
(Santoro et al., 2008; Mosier and Francis 2008; Zeng et al., 2012), and some studies
suggest that these communities might be oxygen limited until resuspended into the water
column leading to nitrification “hot spots” in highly turbid waters with increased TSS
(Table 5.4; Damashek et al., 2016). Water column AOA and AOB communities are
understudied in comparison to benthic communities, and further research is needed to
clarify ecosystem function and community structure differences between sediment and
water column communities of ammonia oxidizers (Damashek et al., 2016).
Few studies have documented changes in ammonia oxidizer community structure
following different disturbances. In the Gulf of Mexico, benthic AOA communities were
less diverse following Hurricanes Ike and Gustav and more diverse following the
Deepwater Horizon oil spill (Newell et al., 2014). In boreal lake sediments, a wastewater
disturbance significantly decreased AOA abundance but not the diversity (Aalto et al.,
2018). In contrast, AOB diversity and abundance increased in wastewater affected
sediments, suggesting that AOB might be more capable of adapting to disruptive events
(Aalto et al., 2018).
5.5. Conclusions
This study presents results on the effects of Hurricane Irma and cyanoHABs on
water column nitrification rates and ammonia oxidizer community structure. We show
that nitrification rates were impacted by the presence of and substrate competition with
cyanoHABs. However, following hurricane disturbance, nitrifiers were resilient and
actively oxidizing NH4+ to NO3-. This step in the N cycle is vital in eutrophic systems,
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since it is often coupled to denitrification and N removal. This study contributes to the
growing literature on the high abundance of AOA in eutrophic waters and AOA often
outnumbering AOB. These results suggest that AOA might have adapted to a wider range
of trophic conditions than previously thought, and AOA in these eutrophic ecosystems
are subjected to niche differentiation possibly form a separate ecotype than the AOA in
the open ocean. Lastly, comparing the nitrifier community structure pre- and posthurricane provided insights into structural shifts with a direct link to large-scale
disturbances.
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CHAPTER 6: GENERAL CONCLUSIONS AND FUTURE WORK
6.1. Review of significant findings
The primary goal of this dissertation was to describe and compare nitrogen (N)
dynamics in eutrophic, shallow waters affected by cyanobacterial harmful algal blooms
(cyanoHABs) with geochemical and molecular approaches. The aim was to yield results
and conclusions that would contribute to the development of ecosystem models and
nutrient management strategies in impaired aquatic systems and mitigate cyanoHABs.
In Chapter 2, the overarching questions were: (1) How does the competition for
ammonium (NH4+) between cyanobacteria and ammonia oxidizers affect nitrification
rates in Lake Taihu? (2) How much NH4+ is internally recycled within the lake? (3) What
is the community structure of ammonia oxidizers in the water column in Lake Taihu?
The results show that nitrification did not account for a large proportion of NH4+
demand during cyanoHABs in Taihu. Nitrification rates were detectable during the bloom
but decreased as the bloom progressed, suggesting that nitrifiers were weaker competitors
for substrate than Microcystis. Ammonia oxidizing archaea (AOA) amoA gene copies
were more abundant than ammonia oxidizing bacteria (AOB) gene copies at all times;
however, only abundance of AOB amoA was correlated with nitrification rates for all
stations and all seasons. Although agricultural runoff into the lake is a large source of
reduced N, external inputs are not the sole source. Extrapolated whole-lake regeneration
rates in the water column were twice as high as external N loadings into the lake. This
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study highlights the importance of water column NH4+ regeneration in providing a large
proportion of the substrate necessary to sustain cyanoHABs. To mitigate cyanoHABs,
external N loads into the lake must be reduced so that N can be efficiently removed
through denitrification instead of being recycled in the water column and sediments. Our
results support recent calls for dual nutrient (N + P) management strategies (Paerl et al.,
2011) and highlight the importance of N removal through nitrification and denitrification,
specifically in HAB-impaired systems.
In chapter 3, the questions asked were: (1) What are the seasonal dynamics of
NH4+ cycling in Sandusky Bay during the summer bloom? (2) What are the differences in
the kinetics of NH4+ uptake between a Planktothrix-dominated bloom in Sandusky Bay
and a Microcystis-dominated bloom in Maumee Bay?
Results showed that potential NH4+ uptake rates in the light increased from June
to August at all stations. Dark uptake rates also increased seasonally and, by the end of
August, were on par with light uptake rates. When extrapolated to the whole bay volume,
daily NH4+ regeneration exceeded daily TN loading at all sampling events, and in just the
three summer months evaluated, regeneration in the water column provided bioavailable
N for primary production at the level equivalent to ~77 ± 7% of the annual N load.
Kinetic experiments in the two bays suggested a competitive advantage for Planktothrix
over Microcystis in Sandusky Bay. Overall, the results of this kinetic comparison
suggested that, during the summer bloom peak when NH4+ was depleted, Planktothrix
had a competitive advantage in its high affinity for NH4+, while N conditions in the larger
Maumee Bay allowed for less competition for substrate in the Microcystis-dominated
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community. Metatranscriptome results from Sandusky Bay showed a shift from
cyanophycin synthetase (luxury NH4+ uptake) expression in early summer to
cyanophycinase (intracellular N mobilization) expression in August, supporting the
interpretation that the microbial community was N-starved in late summer and restored to
breaking down intracellular supplies of N. The importance of internal NH4+ regeneration
in sustaining summer non-N2 fixing cyanoHABs, and likely influencing their toxicity as
well (Davis et al., 2015) are emphasized in these results.
Understanding the large mass of internally recycled NH4+, driven by high
external N loads from the watershed, is critical information for resource managers and
regulators, who often base management decisions on ecosystem models that do not
sufficiently consider the effects of internal N dynamics on eutrophication issues.
Monitoring nutrient concentrations in eutrophic systems, while valuable, does not provide
a sufficient characterization of these nutrient dynamics. High microbial demand and
turnover rates can cause highly bioavailable nutrients, such as NH4+, to be undetectable
or measured at low concentrations, even though their recycling rates are largely
supporting system productivity at critical times (McCarthy et al., 2013). Thus, internal
NH4+ cycling and rapid NH4+ turnover rates should be considered in ecosystem models
used to inform nutrient management strategies, which should incorporate dual nutrient
management (N and P) efforts to prevent and mitigate non-N2 fixing cyanoHABs in
eutrophic lakes.
Chapter 4 focused on answering the following questions: (1) What are the
differences in water column NH4+ dynamics during a severe cyanoHAB in 2016 that
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affected both Lake Okeechobee (LO) and the St. Lucie Estuary (SLE), and the 2017
bloom, when the cyanoHAB was restricted to LO? (2) How does a major hurricane
disturbance affect cyanobacterial bloom and NH4+ dynamics in both systems?
In 2016, when the water flow between LO and SLE was constantly high,
cyanoHABs were present in both LO and SLE, and potential NH4+ uptake rates were high
in both systems. In contrast, spring and summer water flow between the two systems in
2017 was low, and the bloom was constrained only to LO. Under these conditions,
potential NH4+ uptake rates in LO exceeded those in SLE, and mcyD gene abundance was
greater in LO than SLE. After Hurricane Irma, potential NH4+ uptake rates decreased
significantly in LO and SLE, while mcyD gene abundance decreased in LO and increased
slightly in SLE.
The results presented in this emphasize the importance of NH4+ cycling in bloom
expansion in LO and downstream nutrient pollution in SLE. Results also supported those
from previous studies showing that lake pollution has negative effects on the estuary
(Kramer et al., 2018; Lapointe et al., 2012; Phlips et al., 2012), as well as calls for water
management strategies that provide an acceptable balance between flood control and
health of the downstream estuaries.
In 2018, the cyanoHAB in the Okeechobee region was one of the largest recorded
and was presumed to be driven by effects from Hurricane Irma
(https://www.flseagrant.org/news/2018/07/the-algae-bloom-is-back-but-why/). Largescale blooms have also been observed in SLE, likely due to LO flushing and decreased
salinity post hurricane. Thus, increasing frequency and strength of tropical storms will
likely lead to more intense blooms along the freshwater–marine continuum.
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Results presented here support calls for a dual nutrient management strategy,
since previous management strategies (40% P reductions and reduced nutrient inflow
from Everglades Agricultural Area; James et al., 2011) have not prevented cyanoHABs
from occuring in the Okeechobee–St Lucie system. High nutrient loading, combined with
internal recycling and climate change, will likely continue to contribute to cyanoHABs in
the Okeechobee-St. Lucie system if further nutrient reductions are not implemented.
Lastly, in chapter 5, we aimed to understand (1) How do cyanobacterial blooms
affect nitrification rates in LO and SLE? (2) What are the effects of hurricane disturbance
on nitrification, ammonia oxidizer abundance, and community structure in LO and SLE?
This study shows that nitrification rates were impacted by the presence of and
substrate competition with cyanobacteria. During a massive Microcystis bloom in 2016,
nitrification rates were low in LO and SLE, suggesting that nitrification was suppressed
during cyanoHABs. In contrast, when the Microcystis bloom was restricted to LO (2017),
nitrification rates were low in LO but significantly greater in SLE. Following Hurricane
Irma, nitrification rates were an order of magnitude greater in both LO and SLE,
suggesting that nitrifiers were resilient and outcompeted cyanoHABs for NH4+ under high
turbidity conditions.
AOA outnumbered AOB on all but two occasions in both LO and SLE. After
Irma, the abundance of AOA and AOB increased significantly in SLE, while only AOB
were significantly greater in LO. This study contributes to the growing literature on the
high abundance of AOA, and AOA often outnumbering AOB, in eutrophic systems.
These results suggest that AOA have adapted to a wider range of trophic conditions than
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previously thought and are subjected to niche differentiation and represent a separate
ecotype than AOA in the open ocean.

6.2. Dual nutrient management
Chapters 2, 3, and 4 emphasize the need for dual nutrient (N and P) efforts to
prevent and mitigate non-N2 fixing cyanoHABs in eutrophic lakes and downstream
systems. Dual nutrient management strategies have been widely addressed and proposed
in many impaired ecosystems (Chaffin et al., 2018; Davis et al., 2015; Gardner et al.,
2017; Gobler et al., 2016; Huisman et al., 2018; Kramer et al., 2018; Paerl et al., 2016;
Scott and McCarthy, 2010; Shatwell and Köhler, 2018; Steffen et al., 2014; Xu et al.,
2015). Results from this dissertation contribute to the growing literature challenging the
obsolete assumptions of the P limitation paradigm and P-only reductions (Schindler et al.,
2008; Wang and Wang, 2009). The P-only management approach is based on the
assumption that imbalances in N and P can be offset by N fixation (Schindler et al.,
2008). However, many studies show that lack of controls on external N inputs lead to
proliferation of non–N-fixing cyanobacteria, such as Microcystis (Paerl et al., 2014; Scott
and McCarthy, 2010; Watson et al., 2016). Legislative actions to reduce eutrophication
based solely on P control have not always been successful. 40% reductions in P loading
implemented by the governments of Ohio (Davis et al., 2015) and Florida (James et al.,
2011) have failed to prevent cyanoHABs. Furthermore, following P reductions, both
Lake Erie and Okeechobee have experienced a phytoplankton community shift from N2
fixing taxa to more toxic non-N2 fixers in the last 20–30 years. Research on cyanoHAB
toxicity and density shows that, under low P and high N conditions, blooms are
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comprised of highly toxic strains of non-N2 fixing cyanobacteria (Fig. 6.1). In contrast,
under low N and high P conditions, blooms are mostly comprised of less toxic
diazotrophs (Fig. 6.1).
Results presented in this dissertation emphasize the importance of internal cycling
of chemically reduced N via regeneration. In all systems presented in these studies (i.e.,
Taihu, Lake Okeechobee, Sandusky Bay), the magnitude of NH4+ regeneration was at
least twice the magnitude of external N loading. Management strategies that do not take
internal regeneration into consideration are lacking a crucial component of N dynamics in
large systems with cyanoHABs.
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Figure 6.1. Conceptual diagram of shifts in cyanobacterial populations in response to
high and low levels of N and P (from Gobler et al., 2016).
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Lastly, climate change has important effects on cyanoHABs in freshwater lakes
(Paerl et al., 2016). Increasing rainfall in some areas will lead to increased loading of
nutrients from non-point sources, which can impact nutrient dynamics in the water
column and at the sediment-water interface in shallow lakes (Paerl et al., 2016).
Moreover, cyanobacteria proliferate in warm waters, with their growth optimum above
25°C (Paerl and Paul, 2012), effectively outcompeting other phytoplankton. High water
temperatures can also affect secondary metabolite production, such as toxin production
(Davis et al., 2009). Thus, climate change will inevitably lead to greater prevalence and
toxicity of cyanoHABs in eutrophic systems (Glibert, 2017).

6.3. Nitrification in cyanoHABs-impaired lakes
Chapters 2 and 5 highlight the effects of cyanoHABs on nitrification rates. In
Lakes Taihu, Okeechobee, and St. Lucie Estuary, nitrification rates were undetectable or
low in the presence of cyanoHABs. Results from SLE show that, when there was no
bloom in the estuary (2017), nitrification rates were an order of magnitude greater than
during a large bloom in 2016. These studies address the direct competition for substrate
between ammonia oxidizers and Microcystis and show that ammonia oxidizers are
generally outcompeted by cyanoHABs.
In eutrophic systems, the outcomes of such competition can have detrimental
effects on ecosystems services and the overall health of the ecosystem. In shallow
systems, nitrification is often closely coupled in time and space to removal of N via
denitrification (An and Joye, 2001; Jenkins and Kemp, 1984). In coupled benthic-pelagic
interactions, substrate availability for denitrification depends directly on nitrification. The
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natural removal of excess N in eutrophic systems (via denitrification or anammox) is
crucial to help mitigate high N loads. If ammonia oxidizers are outcompeted by
cyanoHABs, the N in the system may be continuously recycled via phytoplankton uptake
and subsequent regeneration instead of being removed via coupled nitrificationdenitrification. Thus, the efficiency of nitrification likely plays an important role in
supporting ecosystem services provided by microbial communities in eutrophic systems,
such as biological N removal via denitrification.
6.4. Future work
Recent advances in N cycling research have considerably changed our
understanding of N biogeochemical transformations. Discoveries of anammox (Jetten et
al., 2001), AOA (Könneke et al., 2005), and comammox (Daims et al., 2015) represent
significant paradigm shifts in our understanding of N cycling in aquatic systems. Many of
the recent advances in this understanding of the N cycle are associated with nitrification
and oxidation of chemically reduced N to nitrate. Nitrifiers represent a versatile group of
microorganisms that can use alternative forms of N for energy. Research on alternate
nitrification substrates include cyanate (Palatinszky et al., 2015), urea (Tolar et al., 2017),
and organic polyamines (Damashek et al., 2018). Furthermore, only a small fraction of all
N cycling microbes have been cultured, and many unknown metabolic pathways might
be associated with uncultivated microbial communities (Kuypers et al., 2018). While
cultivation and biochemical research on nitrification is progressing, research in natural
systems remains lacking, and many gaps in knowledge exist. As stated in chapter 5, water
column nitrification is understudied relative to nitrification in sediments. Few studies
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report nitrification rates and ammonia oxidizer community structure in lake and estuarine
water columns.
Previous research on nitrifier community structure separated bacterial and
archaeal communities based on their substrate affinity for NH4+ and half-saturation
constants (Km; Martens-Habbena et al., 2009). Many studies of nitrifier community
composition have shown that AOB are ubiquitous and found in soils, marine, and
freshwater ecosystems (Schleper, 2010), while AOA are generally accepted to be
abundant in the open ocean (Francis et al., 2005; Newell et al., 2011; Santoro et al.,
2010). However, high AOA abundance has been reported in more productive systems as
well, suggesting that AOA may occupy a more eutrophic niche than previously thought
(Damashek et al., 2015; Hampel et al., 2018; Li et al., 2018; Zeng et al., 2012).
Additionally, Orellana et al. (2017) showed that N fertilization in soils lead to an increase
(up to 5-fold) of certain clades of AOA upon N fertilizer treatments. AOA in eutrophic
ecosystems may be subjected to niche differentiation and may form a separate ecotype
than oceanic AOA. However, very little work has been done to sequence or identify this
clade(s) of high NH4+ tolerant AOA (orders of magnitude higher NH4+ concentrations
than found in the open ocean). Future work could focus on sequencing environmental
DNA from nitrifying communities found in eutrophic lakes. Archived samples will be
evaluated to compare the community structure of ammonia oxidizers from Lakes Taihu
(China), Erie (Ohio; Hoffman et al., in prep), and Okeechobee (Florida), including the
connected St. Lucie Estuary (SLE).
As a rate limiting process (Kowalchuk and Stephen, 2001), ammonia oxidation
has received far more interest than nitrite oxidation. Until recently, nitrite oxidizing
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bacteria (NOB) were thought to be physiologically restricted and were less intensively
studied than AOA and AOB (Daims et al., 2016). Current research reveals that NOB are
extremely versatile and can use other sources of N to obtain energy (Daims et al., 2016),
including NH4+ via comammox (Daims et al., 2015; Kits et al., 2017). Comammox
Nitrospira occur in many natural and engineered ecosystems, including soils, freshwater
systems, wastewater treatment plants, and drinking water systems (Van Kessel et al.,
2015; Pinto et al., 2016; Pjevac et al., 2017). The discovery of comammox NOB raises
many essential questions including: how much nitrification in natural systems can be
attributed to comammox? Under what environmental conditions does comammox
outcompete canonical nitrification? Is comammox a significant process in the ocean?
Does comammox contribute to N2O production like nitrification? Do nitrite-oxidizing
archaea exist? Interdisciplinary approaches combining single-cell and metagenomics,
advanced cultivation work, and kinetic and stable isotope probing research will likely be
required to answer these questions.
The N cycle is considered one of the most essential biogeochemical processes on
Earth. However, anthropogenic activities have dramatically impacted these processes
(Fowler et al., 2013) and pushed planetary boundaries to limits od safe operating spaces
for humans (Fig. 6.2; Steffen et al., 2015). Planetary boundaries (Fig 6.2) provide
science-based analyses of risks of human alterations on Earth systems and planetary
destabilization (Steffen et al., 2015). Currently, N and P are considered high risks,
exceeding climate change and ocean acidification, but the growing human population will
increasingly rely on N fertilizers, which will lead to higher loads of N polluted runoff. It
is vital to understand how microbial drivers of the N cycle respond to these alterations.
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Future research on recognizing the factors that shape N cycling pathways will require
understanding of the physiology, ecology, and evolution of N cycling microbes, with an
emphasis on ammonia and nitrite oxidizers and comammox bacteria.
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Figure 6.2. Control variables for seven planetary boundaries (from Steffen et al., 2015).
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